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ABSTRACT
Sandwich panels with honeycomb cores are used in many engineering applications
because of their high strength to weight ratio, vibration isolation and sound transmission loss
characteristics. Previous studies indicate that such sandwich structures with auxetic honeycomb
cores (negative in-plane Poisson’s ratio) can have a higher sound transmission loss compared to
a regular hexagonal honeycomb core structure. In this study, sound scattering and acoustic
radiation characteristics of sandwich structures with hexagonal and auxetic cores arranged in a
circular pattern interacting with exterior acoustic domains of both air and water have been
investigated using finite element analysis.
A novel in-plane honeycomb geometry is developed which provides for a gradual
decrease in radial cell size and whole number of circumferential cells to generate a uniform
distribution of cells in the circular shell. Adding more circumferential cells, enables outer
honeycomb edges to approach a circular arc and provides a comparison between the circular
honeycomb and a solid elastic cylinder shell with the same mass. Natural frequencies of the
different shell structures in-vacuo have been extracted in the analysis range of 0-2000 Hz. It is
observed that auxetic honeycomb has lower natural frequencies compared to regular
honeycomb for the same mass indicating that the auxetic is more flexible.
The acoustic scattering and radiation performance in terms of target strength (TS)
defined as the magnitude of reflected/scattered wave pressure relative to the magnitude of the
incident plane wave pressure is measured both on the scattering surface and far-field at both
the back and front scattering point were studied in both air and water. In the case of interaction
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with air in the exterior acoustic region, the radiation response shows prominent resonance
peaks at the in-vacuo natural frequencies of the elastic structures as expected. Results show
that there are significant differences in target strength between the auxetic and regular
honeycomb and elastic solid circular shell structures studied, with relative TS performance
between the different shells depending on the frequency of the incident wave and the acoustic
domain used.
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Chapter 1 : INTRODUCTION
Various examples of the process of vibrational interaction between solid structures and
structure-borne sound radiation in fluids such as air or water are found in daily-life. Traffic noise
transmitted through barriers and windows into a room, the isolation of sound from airconditioner systems, and the walls and floors and rooms are examples of such interactions.
Interactions involving water include sonar acoustic wave interaction with submerged vehicles
including scattering from interior and exterior bulkheads in submarines. Acoustic vibrations in
solids and fluids involve the propagation of wave motion throughout the supporting media.
Hence, while dealing with vibration of systems involving coupling of fluids with solid structures,
it is important to understand vibrations from the point of view of wave propagation.
Homogeneous materials have been widely studied and used in practical applications of
fluid-structure interactions. Junger and Feit [1] presented the theory for the vibrations of
beams, plates and shells with the radiation and scattering of sound from these structures in
simple geometries such as rectangular plates, infinite cylinders, and spheres where analytical
solutions are derived. Skelton and James [2] have also done similar studies and proposed
methods to deal with acoustic scattering from elastic cylindrical and spherical shells including
shells with discrete stiffeners. Solutions for acoustic scattering from limits of hard and soft
structures are also given. Although homogeneous materials provide adequate strength and can
withstand a variety of loading conditions, the use of homogeneous materials restricts designers
with a limited set of materials to balance difference requirements such as strength and target
sound scattering characteristics [3].

Skelton and James also provide analytical solutions for

acoustic scattering and radiation from multi-layered composite cylindrical shells.
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The advent of cellular materials provides a greater flexibility with regards to choice of
materials. Cellular materials can provide the required mechanical properties of strength,
stiffness etc. while maintaining low density. Conversely, these materials can provide additional
strength, stiffness etc. for a given density. They are used in a variety of engineering applications
as a core material sandwiched between two homogeneous face sheets. One of the most widely
used cellular structures is the honeycomb structure. It has a comparatively high stiffness to
weight ratio. Its mechanical properties depend on both the base material from which it is made
and the geometry of the body itself [3], [4]. These mechanical properties, especially mass and
stiffness, greatly influence acoustic response of structures. Figure (1.1) shows a general
construction of a sandwich panel made of honeycomb core. Different materials like foams,
truss-cores are also used as a core material in sandwich panels [3], [5].

Figure 1.1: A simple honeycomb core sandwich panel

For our analysis, we do not have a separate face-sheet. Our face sheet will have the
same thickness and material as the individual honeycomb beams. In this chapter, we will discuss
the basics of structural acoustics, various structures used for the core geometry and the
parameters used for comparison of acoustic performance in the analysis to follow.

1.1 Hexagonal Materials
Hexagonal honeycomb core material is one of the more popular cellular materials in
research and design for its ability to have macro material properties that are substantially
different from their micro, or host material, properties. Hexagonal honeycomb structures are
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frequently used in applications requiring high out-of-plane thickness to weight ratio [6][7]. In
addition to their good light-weight stiffness properties, structures like hexagonal honeycomb
have also been shown to have advantageous in areas of impact absorption [4], [8] and thermal
management [9]. As mentioned before, these structures can be tailored to have specific
material properties, providing us with the flexibility in applications without compromising on the
objective functions of the application.
A regular hexagonal honeycomb in stretched and un-stretched condition is presented in
Figure 1.2.

Figure 1.2: A regular hexagonal honeycomb in un-stretched and stretched condition
Equation Section (Next)

1.2 Auxetic Materials
Most of the common materials used for engineering applications have a positive
Poisson’s ratio. Most metals have a Poisson’s ratio close to 0.33 while rubber has a ratio close to
0.5 [10]. A new low density open-cell polymer foam with negative Poisson’s ratio was proposed
[10] and these were called ‘Auxetic’ materials by Evans and Alderson [11]. These materials
expand in the lateral direction when stretched in the longitudinal direction. The negative
Poisson’s ratio also enhances certain other mechanical properties like increased in-plane shear
strength, indentation resistance and thermal shock resistance [12]. Another useful property of
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auxetic materials is their synclastic curvature i.e. dome shaped behavior when deformed out-ofplane [13]. There are different geometries of materials which exhibit such auxetic behavior. A
regular auxetic honeycomb in stretched and unstretched condition is presented in Figure 1.3.

Figure 1.3: An auxetic honeycomb in un-stretched and stretched condition

For our analysis, we modified a regular auxetic material to form a circular cylinder with an
auxetic core. Details of the geometry used for our analysis is discussed in Chapter [2].

1.3 Structural Acoustics
In order to know how structures interact with fluids and vice versa, it is important to
understand the different types of waves travelling through a structure. Usually, when the
structure is a large volume of solid, we observe pure longitudinal wave motion, in which the
direction of particle displacement is purely in the direction of wave propagation. But when the
structure has one or more outer surfaces free from constraints, the presence of longitudinal
stress will produce associated lateral strains through the Poisson contraction phenomenon. In
such cases, we have 3 different kinds of waves travelling through the structure. The longitudinal
waves in such cases are often renamed as ‘quasi-longitudinal’ waves [14].
The different types waves occurring in the structure are as follows [15]:
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(1) Quasi-longitudinal wave:
As the material expands or contracts along the axis of the structure, the Poisson’s effect
contracts or expands the material in the transverse direction.

Figure 1.4: Quasi-longitudinal wave

The quasi-longitudinal wave speed is defined as, cL 

E



, where E is the young’s modulus of

the material and  is the mass density.
(2) Transverse shear wave:
The wave propagates along the structure’s axis, while deforming the structure transversely.

Figure 1.5: Transverse shear wave

For the transverse wave, young’s modulus is replaced by the shear modulus. The shear wave
speed is defined as, cTS 

G



, where G is the shear modulus of the material and  is the

mass density. Shear wave is always slower than the longitudinal wave since G  E .
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(3) Bending wave:
As with the transverse shear wave, a bending wave propagates along the structure’s axis, while
deforming the structure transversely. But unlike the pure shear, it also causes the cross sections
of the structure to rotate about their neutral axis.

Figure 1.6: Bending wave

Bending waves are the slowest among the three kinds of waves travelling in a structure for our
range of analysis (1-2000 Hz). The bending wave speed is expressed as, cbending 
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EI  4
,
A

where E is the young’s modulus,  is the mass density, A is the cross sectional area, I is the
area moment of inertia,  is the frequency of the perturbation in rad / s .
When an elastic structure interacts with sound, a component of the incident sound
wave scatters off the surface of the structure. This component is generally called the scattered
component of pressure. The remaining component of the incident sound provides the energy to
develop the types of waves mentioned above in the structure itself. These structural waves inturn, interact with the fluid domain and create their own acoustic response. This component is
called the radiated component of pressure. As far as the structure is concerned, it moves in
response to the total surface pressure that arises from the sum of these two field components.

pTotal  pElastic _ Scattered  pIncident
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Also, the elastic component of scattering can be decomposed into,

pElastic _ Scattered  pRigid _ Scattered  pElastic _ Radiated
Thus, the total pressure field can be expressed as,

pTotal   pRigid _ Scattered  pElastic _ Radiated   pIncident
Such decomposition of the sound field helps to discuss the fundamental principles of the
interaction process in qualitative terms.
Usually, the sound reflection or scattering characteristics of the target are called ‘target
strength’. Directivity is another parameter used to measure the sensitivity of response in a
particular direction relative to the average value of response in all directions. Both these
parameters are frequency dependent and have been explained in the following sections.

1.4 Target Strength
Target strength is a measure of magnitude of reflected/scattered wave pressure relative
to the magnitude of the incident wave pressure. It can also be perceived as a measure of the
reflection co-efficient of a sonar target [16]. In its most general form, it can be expressed as,

 Po (r ,  ;  ) 2 
TS  10 log10 

 P (r , ;  ) 2 
 i
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Although Target strength can be estimated at any point in the acoustic domain, in our analysis,
we are interested in target strength values at a fixed radius at orientation. For a fixed radius and
orientation,

 Po ( ) 2 
TS  10 log10 

 P ( ) 2 
 i

Here, Po is the frequency   dependent reflected/scattered pressure and Pi is the frequency
dependent incident pressure. We can replace the incident pressure with a reference pressure of

Pref  2 x105 N / m2 which is usually considered the threshold of human hearing [17]. This
reference pressure helps us to quantify how loud the sound would be when heard by humans.
Now the expression changes to,

 Po ( ) 2 
TS  10 log10 

 Pref 2 


Target strength is measured in dB (decibels) and it depends on the incident wave frequency.
Also, it is calculated at a particular orientation and distance in the acoustic domain.

1.5 Directivity
Directivity quantifies the sensitivity of response in a particular direction w.r.t the
average response in all the directions. It can be expressed mathematically as,
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 P a ( ) 2 

,
D  10 log10 
 PRMS ( ) 2 


where, Pa is the frequency dependent magnitude of reflected/scattered pressure at a
particular distance ( a ) and orientation (  ) and PRMS is the root mean squared value of the
magnitude of reflected/scattered pressure at similar locations in all directions. In our analysis,
we are comparing directivities of all the particles lying on the scattering edge i.e. the structurefluid interface. These are compared at a particular frequency. For a fixed value of radius, PRMS
can be expressed as,

2
RMS

P

1

2

2



P( ;  ) d
2

0

Using piecewise constant approximation, we can express PRMS as,

2
PRMS


N
1
2
P ( )

( N  1) i 1

1.6 Previous Research
The stiffness and light-weight properties of honeycomb cores have motivated designers
to use these structures in various structural applications. Junkers [18] first explored the idea of a
honeycomb core in a laminate structure and used them in aircraft applications way back in
1915. Kurtz and Watters [19] were among the first ones to study the sound transmission loss of
sandwich plates. They proved theoretically, and later by experiments, that the mass density and
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dynamic bending stiffness were the foremost factors affecting sound transmission loss of
sandwich structures. Ford et.al. [20] studied the resonance effects of the dilatational or
breathing modes of vibration of sandwich panels and further improvements on this model have
been performed by many others [21][22], [23].
Studies on sound transmission loss through sandwich panels with orthotropic cores
have been done by Moore and Lyon [24] and ones with anisotropic cores have been studied by
Thamburaj and Sun [25], [26]. Koval [27] studied the sound transmission loss of a laminated
cylindrical shell in the context of transmission of airborne noise into an aircraft fuselage. He
showed that a general orthotropic shell, below the ring frequency, given by

1

E

2 R



, has

improved sound reduction capabilities due to the fact that in that region the acoustic behavior
tends to be stiffness governed. He concluded that although the composite structures do not
offer distinct advantage over solid structures as far as transmission loss performance is
concerned, they do offer an advantage of being able to tailor the noise attenuation
characteristics to suit a specific need. As an example, he suggested that a composite shell could
be used to reduce low frequency noise transmission, while the associated increase in high
frequency noise transmission could be counteracted by the use of conventional sound-proofing
treatments which are more effective at high frequencies than at low frequencies. However, only
transmission loss characteristics were observed.
Scarpa and Tomlinson [28] studied sandwich panels made up of hexagonal and auxetic
cores and observed the sound transmission characteristics through an infinite cylindrical
sandwich shell made up of these cores interacting with air. In their study, they assigned effective
properties of cellular core structures to a homogeneous model to mimic their material
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characteristics. They explored the possibility of auxetic honeycombs offering better sound
reduction performance due to their improved stiffness to mass ratios. In their study, the
orthotropic shell was modeled by the Greenberg-Stavsky theory, where shear deformations are
taken into account and the interior of the shell is considered totally absorptive. Orthotropic
materials were defined by approximate effective modulus formulas for out-of-plane honeycomb
based on beam models of unit cells. Using this approach, the solution obtained is only accurate
for lower frequencies. The shell was subjected to an acoustic wave at two independent incident
angles and the transmission loss was evaluated using the transmitted and incident power. They
found that the transmission loss factors of a sandwich shell with an auxetic core are higher than
regular honeycomb over the ring frequency of a corresponding isotropic shell. Below the ring
frequency, however, they found the acoustic performance of an auxetic core honeycomb
structure to be similar to the hexagonal core honeycomb structure.
Ruzzene [29] studied the effects of core geometry on structural response and acoustic
radiation. In his study, he compared the transmission loss performance of hexagonal and auxetic
honeycomb cores in particular and compared them with those with a truss core beam with
square core. In this study, spectral formulation is used to accurately describe dynamic
performance using reduced number of elements and the dynamic shape functions derived
directly from solution of distributed parameter models are employed for each beam element.
Since spectral formulation can be easily and efficiently coupled with Fourier transform based
analysis of the structures sound radiation in a surrounding acoustic medium, the formulation
used in this study is an efficient numerical tool for analysis of acoustic performance of the
considered core geometries. In his analysis, as far as the sound transmission loss factor is
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considered, the auxetic honeycomb cores performed than hexagonal honeycomb cores which in
turn, performed better than the square core beams within the frequency range. For radiation
study, only the auxetic (internal cell angle -30º) core sandwich structure is compared with the
square core beam structure and is found to radiate less than the square core beam. This
attenuation is also reported to increase with frequency. However, the hexagonal honeycomb
performance has not been evaluated for sound radiation. Further optimization studies on
honeycomb structures to improve their sound transmission loss have been performed by Denli
and Sun [30], Franco et.al.[31] and Galgalikar [32]. Griese [33] further extended this work by
modifying the cell angles of the honeycomb core structures. Based on the results presented by
Ruzzene [29] and the optimization studies conducted, the structural and acoustic behavior of
chiral honeycomb core beams, a special form of auzetic honeycombs, have been studied by
Ruzzene [34] and Joshi [35] among others. These works explore the sound transmission loss
characteristics of chiral structures.
Iakovlev [36] studied the effects of shock waves on submerged cylinders and shells. His
work was based on analytical solutions introduced previously by Geers in 1969 and here, the
whole field interactions around an elastic structures was addressed. Both, scattering and
radiation by the structures, were considered. The complete diffracted-radiated field was
observed to be comprised of two components, the scattered and elastic-radiated waves. The
contribution of radiation pressure into the total acoustic field was studied as well, and it was
observed that the pressure decay behind the front of the wave scattered by an elastic shell is
much more than that in case of a rigid cylinder, and concluded that the adverse effects of shock
loading on secondary structures (structures placed near the primary shock-responding one) can

12

be far more severe when the primary structure is rigid than when it is elastic. In his work, it was
also observed that the acoustic response is very different when we have different acoustic
domains on the outside and inside the structures. This study predicted the complex interactions
of multiple wave fronts using numerical results in a graphical form. Abrate [37] presented a
geometrical theory of diffraction to predict the location of the various wave fronts generated by
the interaction of a shock wave with cylindrical and spherical shells.

1.7 Motivation for Present Work
Previous studies have focused primarily on sound transmission loss characteristics and
sound radiation characteristics of various honeycomb flat panel structures. Griese [33] and
Galgalikar [32] concluded that the sandwich panels with in-plane oriented auxetic honeycomb
cores interacting with air, have better sound transmission loss characteristics than the ones with
positive Poisson’s ratio between 0 and 1000 Hz. From the literature, comparisons of the
scattering and radiation of sound waves from honeycomb and other cellular structures with
homogenous structures have not been presented. While there have been a few studies for
sound interacting with honeycomb cylindrical shells using an orthotropic model with
approximate effective moduli, there have been no studies with detailed honeycomb model
geometry which can be used to obtain solutions for higher frequencies. Iavkolev [39] showed
that presence of different fluids on the inside and the outside of the structure affects acoustic
performance significantly. He primarily studied shock loading and its effects on submerged
homogeneous structures.
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From the literature review, unanswered questions in the study of sound interaction with
honeycomb structures have been identified. The objectives of this thesis are to answer some of
those questions. The objectives are listed in the next section.

1.8 Objective of Thesis
The objectives of this thesis are:
1) To develop circular honeycomb geometry for hexagonal and auxetic honeycombs. For
comparisons, these structures are constrained to have equal mass. The geometry is
constructed to accommodate an even number of circumferential unit cells and any number
of radial cells. The geometry provides for a uniformly contracting radial cell size due to the
decrease in arc length as the radius is decreased. By adding more circumferential unit cells
the dimensions are reduced such that the outer edge of the structure approaches a circular
arc.
2) Develop a fully coupled structural acoustic finite element model in ABAQUS for numerical
solution of elastic scattering from an acoustic plane wave interacting with the honeycomb
and solid shell structures in exterior acoustic domains modeled as both air and water;
including air domain interacting in the internal cavity of the shells.
3) Investigate the Steady-State dynamic acoustic scattering response of circular hexagonal &
auxetic honeycomb shells interacting with air and water and compare them with the
scattering wave response of a homogeneous solid circular shell with the same mass. For
reference, the scattering response from these elastic structures are also compared with
scattering from a rigid surface in both air and water.
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4) Subtract the rigid scattering solutions from the elastic scattered solutions to obtain the
acoustic radiation response. Investigate the relative radiation response of all the elastic
structures across the frequency range of 1-2000 Hz and compare with radiation from a rigid
surface for outer acoustic domains of both air and water.
5) Investigate the differences between having an air cavity inside the cylindrical structure
compared with the in-vacuo condition for the inside acoustic domain.
6) Validate the models by comparing analytically obtained scattering solutions for rigid and
elastic scattering with the ones obtained using ABAQUS 6.11.

1.9 Outline of the Thesis
A new geometry is developed for a circular hexagonal and auxetic honeycomb structure
in SOLIDWORKS and the sketch is imported into ABAQUS 6.11. SOLIDWORKS is chosen for
creating the sketch since it gives us more flexibility to model this geometry. These structures are
then subjected to acoustic interactions and their performance at various locations in the
acoustic domain is studied. Also, a solid cylinder of unit depth is modelled with beam and plane
strain elements to compare with the honeycomb structures.
The structure of the thesis is as follows:
Chapter 1 consists of an introduction to the two special geometries used in our analysis:
hexagonal and auxetic honeycomb structures. The concepts used for analysis are explained in
brief and the findings of previous researchers with regards to sound scattering and radiation of
structures are discussed. Based on the literature review, the motivation and objectives for the
present analysis are listed.
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Chapter 2 describes the new geometry developed for the circular hexagonal and auxetic
honeycomb structures in detail. A detailed unit cell representation of the two structures and the
basic geometric parameters that make up the structure are discussed. Based on these
geometries, the thicknesses of the individual ligaments of the honeycombs are evaluated which
would results in equal mass of the two structures. Once the equal mass of the honeycombs is
obtained, a solid structure made up of beam and plane-strain elements is designed to have the
same mass as that of the honeycombs. The same structures are used later for acoustic analysis.
Chapter 3 deals with the natural frequency extraction of these equal-mass structures. A
step-by-step guide on how to set-up a model in ABAQUS for natural frequency extraction is
explained. A frequency sweep is performed from 1-2000 Hz on all the structures and their
natural frequencies are obtained along with their flexural and dilatational modes of vibration.
These natural frequencies are later used as frequency sweep input in ABAQUS to perform the
steady state dynamic – direct analysis on the structures subjected to a sound wave of unit
amplitude and varying frequency (1-2000 Hz).
Chapter 4 begins with the equations of motion involved in the acoustic-structural
interaction for scattering analysis. Then a step-by-step procedure on how to set-up a fully
coupled structural-acoustic model in ABAQUS interacting with a plane wave is explained. The
convergence studies performed to justify the outer radius and the mesh size used for the
models are illustrated. Target strength & directivity plots are generated to ensure that along
with the non-reflecting boundary condition imposed on the outer radius, the outer radius does
not have an influence on the results of acoustic parameters obtained on the structure-acoustic
interface. Later, two cases of inner acoustic domain are considered: air & in-vacuo and their
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effects on the acoustic response of the structures is studied for an elastic cylinder. Once the
outer radius, mesh size are established and the effect of air in the inside domain is understood,
the scattered wave response for all the structures in the outer acoustic domain are evaluated
and comparisons and observations are made.
Chapter 5 examines the radiated pressure from all the structures under consideration.
Instead of the scattered wave target strengths, only the radiated component of the scattered
wave is studied in this chapter. The model set-up is similar to the ones used in the scattering
analysis. It differs from the previous chapter in the post-processing step.
Chapter 6 consists of the conclusions made during the entire study and certain
recommendations for future work based on this research.

17

Chapter 2 : FINITE ELEMENT MODEL GEOMETRY
As discussed in Chapter 1, the primary objective of this research is to study the acoustic
scattering properties from a 2D cylindrical hexagonal and auxetic honeycomb structure and
compare with a reference solid elastic cylinder. The geometry of the honeycomb is modeling as
a 2D wireframe meshed with beam finite elements. For the reference cylinder, two models are
considered, a wireframe model meshed with beam elements, and an area model meshed with
plain strain elements. Conventional regular hexagonal and regular auxetic honeycomb unit cell
geometries with their relative dimensions have been shown in Figure 2.1 below. Conventional
regular hexagonal honeycomb cells are defined by equal 120 interior angles and side lengths

h . The auxetic hexagonal honeycomb considered has alternating interior and external angles
of 60 deg with long side lengths twice that of the diagonal side lengths.
Regular Hexagonal honeycomb unit cell

Regular Auxetic honeycomb unit cell
h

h
h

120º

h
60º

h

2h
[VI2]
Figure 2.1: Regular Hexagonal & Auxetic Honeycombs

These honeycomb cell structures are typically used to construct plate and beam structures by
copying in x and y perpendicular directions. However, in this work, we generalize the hexagonal
cells to generate period honeycombs in transverse and radial coordinates in a cylindrical
coordinate system. As a result, the hexagonal side lengths of the cells along the inner and outer
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edges of a unit cells shown in Figure 2.2 will not be equal due to the expansion of transverse
circumferential arc length as the radius increases. In Figure 2.2, the sides in a particular
honeycomb with the same length have the same marker.
A special geometry was developed to ensure that while we bend this honeycomb in a
circular shape, our unit cells are small enough that we can still assume the outer edge of the
entire structure to resemble a circle rather than an edge. This is important if we would like to
qualitatively compare the natural frequencies, the acoustic scattering response and the acoustic
radiation response of these honeycomb structures with a more conventional cylindrical
structures. Hawkins [40] developed geometry for a half circular hexagonal honeycomb. A similar
approach is adopted for developing the following geometries.

Circular
Hexagonal
honeycomb

[LT3][VI4] [LT5][VI6][LT7][VI8]
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Circular
Auxetic
honeycomb

Figure 2.2: Relative dimensions in Circular honeycombs

2.1 Geometry of Honeycomb and Solid structures
The angles referred to in the following paragraph for both hexagonal and auxetic
honeycombs are shown in Figure 2.3. In this figure, the angles have been exaggerated for clarity.
A more detailed figure showing the inter-relations between the geometric parameters is shown
in Appendix [2.2].
The controlled parameters for this study are the number of unit cells in the
circumferential direction, N  120 , the outer most radius of the structural domain, R4  1 m
, and the number of individual cells in a radial direction within a unit cell N R  3 . The angle
encompassed by a unit cell ,  is given by,  

2 c
. Also, the angle should be such that
N

sin  ~  . This was done to ensure that the honeycomb structures we create resemble a
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circular cylinder, since smaller  means more number of unit cells in the circumferential
direction. And the outer edge gets closer to resembling a perfect circular arc.
For both regular and auxetic honeycomb in cylindrical coordinates, relationship
between the angles is g = a + q . The geometric relations between angles

a

and

q

for

generalized hexagonal honeycomb in cylindrical coordinates has been derived to be as follows:



 
sin  


2

  2 tan 1 
 cos     sin  30    
 



2  
2


A similar analysis for auxetic honeycomb in cylindrical coordinates



 
sin  


2

  2 tan 1 
 cos     sin  30    
 



2  
2

Based on these relationships between the angles and the conditions imposed as described in
the preceding paragraphs, an iterative study was performed to calculate the exact values of
angles.
The criteria chosen to fulfill the requirement of a small angle
honeycombs is that

sin 



g of a unit cell for both

should be almost equal to 1, so [LT9][VI10]that we can reasonably

approximate the outer edge of the honeycombs to be along an arc.
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Hexagonal Honeycomb

Auxetic Honeycomb


2







2

2

2





2

2

[LT11]
Figure 2.3: Angle illustrations

Starting with the value of angle

a

for both the honeycombs to be equal to zero and

increasing its value in very small increments, and, an iterative study was performed to evaluate
acceptable angles satisfying the ‘small’ angle criteria. The details of the derivation of the
geometric relationships and MATLAB code used for the iterative study are given in Appendix
[2.2].
Based on the results of the iterative study, suitable angles were selected. It was ensured that
the angles chosen would result in a number of unit cells that would be a whole number around
the circumference and not a fraction, meaning, 360º had to be completely divisible by ‘ϒ’. A first
few angles satisfying these criteria for hexagonal and auxetic honeycombs are listed below in
Table 2.1.
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Table 2.1: Iteration study for angles

αº

ϴº

ϒº

(sin ϒc)/ϒc

0.50248398632

0.99737389065465

1.4998578769843

0.99988579402623

1.01012459281

1.98971860844771

2.9998432012633

0.99954318424996

1.52292181945

2.97681065125612

4.4997324707138

0.99897235541064

Auxetic

0.90183556953

0.59851111976707

1.5003466893029

0.99988571957588

Honeycomb

1.80653592804

1.19354901819392

3.0000849462414

0.9995431106313

Hexagonal
Honeycomb

Given some of the options we have as shown in Table 2.1, angles were chosen to be as large as



possible without exceeding the 0.05% limit for  1 



sin  
. The angles highlighted in Table 2.1
 

were chosen for the geometry as they satisfy this condition. For these geometries,

sin 



 0.9995  1 . The angles chosen here result in a total of 120 unit cells around the entire

circular structure for both hexagonal and auxetic honeycombs.
Using the angles chosen from Table 2.1 and using the geometric relations between the
angles and the lengths of the sides of honeycombs shown in Appendix [2.2], the geometry was
constructed in SOLIDWORKS 2013 and the ‘Sketch’ was imported into ABAQUS 6.11. The outer
radius of the honeycomb, which is equal to 1m, is used as a base to build the structure. The
structure is built outside-in from this outer radii. This is different from the inside-out geometry
developed by Hawkins [40], where the inner radius was fixed and the entire geometry was
based on this innermost radius of the structure. A more detailed method of importing the
sketch into ABAQUS from SOLIDWORKS is presented in [40]. SOLIDWORKS was chosen for
geometry creation due to the complications involved in creating it and the flexibility provided by
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SOLIDWORKS in creating it. The MATLAB code used for these length calculations of Hexagonal
honeycomb is presented in Appendix [2.3] and those for Auxetic honeycomb in Appendix [2.4].
The length dimensions used for the geometry are presented in Table 2.2 and Table 2.3.
In the study presented by Hawking [40], the geometry of the semi-circular honeycomb is
generated in SOLIDWORKS using the innermost radii as base. The geometry has been built from
inside-out, i.e. radially outwards. In our analysis, we have used a similar approach to geometry
construction, but have chosen R4 as base and built the remaining geometry from the outside-in,
i.e. radially inward. All the parameters required to develop the geometry for both auxetic and
hexagonal circular honeycombs has been presented in the preceding tables.
Table 2.2: Hexagonal honeycomb stack beam lengths

Length
Length (m)
parameter
R4
1
h4
0.017629771679973
R3
0.970223945166998
h3
0.0171048266317364
R2
0.941334503775414
h2
0.0165955123760408
R1
0.913305275974801
h1
0.0161013634895501
Table 2.3: Auxetic honeycomb stack beam lengths

Length
parameter
R4
h4
R3
h3
R2
h2
R1
h1

Length (m)
1
0.031528693963623
0.973659831517838
0.030698222852598
0.948013467511344
0.029889626490558
0.923042633053737
0.029102328692928
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Once these parameters were known, a thickness ratio was calculated that would lead to the
structures having equal masses. For equal masses of both the honeycombs,

Volume  Density  Hex  Volume  Density  Aux
Since material used for both is Aluminum, the density is the same.
Hence, Volume  Hex  Volume  Aux .

Thickness  Depth  TotalLength  Hex  Thickness  Depth  TotalLength  Aux
Sice depth is the same for both honeycombs (1m),

Thickness  TotalLength Hex  Thickness  TotalLength  Aux
Total length of a unit Hexagonal honeycomb cell and auxetic honeycomb cells for the
honeycombs have been derived in Appendix (2.6). The ratio of thicknesses for the mass of the
two honeycombs to be equal is,

t Hex TotalLengthAux

 1.1945
t Aux TotalLengthHex
Since we are assuming Bernoulli-Euler Beam theory to be applicable, we need to verify if the
thicknesses we select satisfy the Bernoulli-Euler beam theory.
Smallest length involved in the Hexagonal Honeycomb:

h1  0.0161 m
For B-E beam theory to be applicable,
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h1
t Hex

 10 . Hence, t Hex  0.00161 m . Lets chose the value to be,

t Hex  0.0015 m

Now for the ratio,

t Hex
 1.1945 to be maintained, t Aux  0.001257 m . Lets verify if this value
t Aux

of thickness satisfies B-E beam theory for the Auxetic honeycomb.
Smallest length involved in the Auxetic Honeycomb:

h1 0.029102328692928

 0.01455 m
2
2

Since

h1
 10 , t Aux  0.01455 m . We observe that the value deduced earlier, i.e.
2 * t Aux

0.001257 m satisfies this condition. Hence, we fix,

t Aux  0.001257 m
Once the geometries were imported into ABAQUS 6.11, the mass of the hexagonal honeycomb
was found to be 186.539 kg and that of the auxetic honeycomb was 186.343 kg. Using the
average value of masses of the honeycombs (186.441 kg), the radii for the beam-element solid
elastic cylinder and the plane strain-element solid elastic cylinder were calculated.
For the Beam-element solid elastic cylinder, ideally the outer radius ro should be equal
to 1 meter. The mean radius would be, rm  ro 

tbeam
, where tbeam  ro  ri . While creating the
2

geometry of the beam-element, we have to define this mean radius, which ideally is less than 1
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meter by a factor of

tbeam
. But this would result in a discontinuity at the interface where the
2

structure and the outer acoustic domain meet (inner radius of the outer acoustic domain is 1
meter). To avoid this, the value of the mean radii was chosen as 1 meter, realizing that now, the
outer radius of the beam section cylinder, ro  rm 

tbeam
i.e. more than 1 meter. Thickness for
2

the beam model can be calculated as follows:
Density of Aluminum = 2700 kg/m3, Volume of the cylinder = Depth x Cross sectional area, depth
= 1 meter.
Mass = Density x Volume. Hence,
2
2

tbeam  
tbeam  
186.441  2700 1   rm 
  rm 
 .

2  
2  


Using rm  1 m , the value of thickness calculated is,

tbeam  0.01099 m
A representation of the beam model is shown in Figure 2.4.
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tbeam

ri

ro

rm

Figure 2.4: Beam model dimensions

For the Plane Strain – element model, ro  1 m .

186.441  2700 1   ro2  ri 2 
ri  0.988943 m

The thickness of the plane strain model becomes,

ro  ri  0.011057 m
 t PS  0.011057 m
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ro

t PS

ri

Figure 2.5: Plane Strain dimensions

Mass comparisons for all structures is shown below in Table 2.4.
Table 2.4: Mass comparison for all structures

Structure
Hexagonal Honeycomb
Auxetic Honeycomb
Beam element structure
Plane Strain element structure

Mass, kg
186.539
186.343
186.441
186.441

The ratio of thickness of the individual beam elements of the two honeycombs to the mean radii
of the honeycomb structures is,
Hexagonal Honeycomb

THex
rmeanHex



R4 Hex  R1Hex 0.086694724

 0.09
rmeanHex
0.956652638

Auxetic Honeycomb

TAux
rmeanAux



R4 Aux  R1 Aux 0.076957367

 0.08
rmeanAux
0.961521316
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The ratio of thicknesses for the honeycomb structures and the solid structures are as follows:

THex 0.086694724
T
0.086694724

 7.88, Hex 
 7.84
t Beam
0.01099
t PS
0.011057
TAux 0.076957367
T
0.076957367

 7, Aux 
 6.96
t Beam
0.01099
t PS
0.011057

2.2 Geometry of Acoustic Domain
2.2.1 Outer Acoustic Domain
The structural response in a strongly coupled acoustic-structural system can be described as
a combination of the following:


Low-frequency response characterized by structural wavelengths that are significantly
shorter than the associated acoustic wavelengths. The external fluid on the structure
adds an effective mass to the structure on the wetted interface.



High-frequency response characterized by structural wavelengths that are significantly
longer than the associated acoustic wavelengths. The external fluid on the structure acts
as a simple damping mechanism, where energy is transported away from the structure
via acoustic radiation.



Intermediate-frequency response characterized by structural wavelengths that are
similar in length to the associated acoustic wavelengths. In this frequency regime the
external fluid has both an added mass and a radiation damping influence on the
structure.
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The outer boundary must be placed a sufficient distance from the cylinder so that the added
mass associated with the low-frequency beam bending modes of the cylinder is represented
adequately. The beam bending modes correspond to a sinusoidal translation of the cylinder's
cross-section through the fluid. For evaluating added mass effects when using a simple plane
wave radiation impedance boundary for the external fluid, the outer boundary of the fluid can
be considered rigid (non-radiating) [41].
The characteristic radius is based upon an outer boundary of the outer acoustic domain
to structure’s outer radius ratio of 6.0, which corresponds to an added mass error of about 6%
for infinite cylinders [42]. But upon use of enhanced surface impedance models – Circular or
Spherical (Circular in our analysis), the outer fluid boundary location can be placed at about half
of the distance required when using the plane wave radiation impedance model i.e. at a
distance of 3 meter [43]. Also, convergence studies have been performed to confirm that the
outer radius of 3 meter is far enough so that along with the non-reflecting boundary condition,
it does not affect the results of acoustic parameters on the scattering surface. These results are
presented in Chapter 4. While this helps us maintain an acceptable level of accuracy of our
results, it also helps in minimizing the computational time and resources required for the
analysis since a larger outer radius would mean more number of elements and consequently,
longer analysis durations.
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The outer acoustic domain has the same dimensions for all the structures under study, as shown
in Figure 2.6.

Figure 2.6: Outer Acoustic Domain dimensions

2.2.2 Inner Acoustic Domain
The inner acoustic domain was constructed based on the lowest radius for the
honeycombs and the solid elastic structures. This domain fills up the volume inside the inner
radius of all the structures. This domain is constructed to maintain consistency with real world
situations. The effects of absence of this domain on the acoustic scattering results are presented
in Chapter 4. For our analysis, no measurements are taken inside or on the edge of the inner
acoustic domain, since we are concerned with the scattered wave properties after reflection
from the outer surface of the structures in the outer acoustic domain.
The values of radii of the inner acoustic domain used are shown below in Table 2.5.
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Table 2.5: Inner Acoustic domain radii

Model
Hexagonal Honeycomb model
Auxetic Honeycomb Model
Beam – element solid model
Plane – Strain element solid model

Radius, R (m)
0.913305275974801
0.923042633053737
1
0.988943

Figure 2.7: Inside Acoustic Domain dimensions

2.3 Justification for different thicknesses
The thickness ratios for the beam-element and the plane-strain models of the solid
elastic cylinder were calculated assuming the Bernoulli-Euler beam theory, where the axial
compressions and shear deformations of in the beam are neglected. However, close
observations of the beam model indicate that there is a presence of overlap between two
adjacent beam elements.
The analysis performed by Joshi [35] suggests that use of same thickness on both the
plane strain and beam element type solid structures would result in an over-estimation of the
mass of the beam model. Also, the overall dimensions of the beam element model and the

33

plane strain element model are not the same as we face the issue of discontinuity at the
structure – outer acoustic interface with the beam model if we try to keep the overall
dimensions same in both models.
With the intention of keeping the mass of all the structures identical in our analysis, the
thicknesses of the beam element model and plane strain element model were calculated as
shown in Section (2.1.1). Once constructed, the mass values were verified in ABAQUS and found
to be the same, as presented in Table 2.4.
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Chapter 3 : NATURAL FREQUENCY EXTRACTION
In this chapter, the natural frequency extraction of the structure is carried out for the
hexagonal and auxetic honeycombs, the beam-element and plane strain-element solid elastic
cylinders. These natural frequencies are then used to investigate the steady state dynamic
behavior of the structures when subjected to a unit amplitude 2D - planar wave with varying
frequencies (1-2000 Hz) on the outer surface of the structures.
Natural frequency is a phenomenon of free vibrations, unlike resonance, which is a
phenomenon of forced vibrations. Only when the excitation frequency of the external unsteady
disturbance matches the natural frequency of a body, we see resonance. Fahy [14] gives the
mathematical description of natural frequency as the frequencies at which the equations of
motion together with the physical boundary conditions can be satisfied in the absence of an
external source of excitation. Mode shapes are the characteristic spatial distributions of
vibrations associated with these frequencies. In physical terms, when a system is subjected to a
transient disturbance, these are the frequencies observed to be present in the subsequent
vibration and the corresponding mode shapes are the characteristic spatial distributions of
vibration associated with them.
Griese [33] analyzed the acoustic performance of a sandwich panel made of regular
hexagonal and auxetic honeycombs for one and two unit cells in the y-direction at the resonant
frequencies of the honeycomb panels. In our analysis, the honeycombs are not regular and are
arranged in a circular pattern. Hawkins [40] studied the natural frequencies and mode shapes of
a half circular hexagonal honeycomb structure. In this analysis, a complete circular hexagonal
and auxetic honeycomb structures is being analyzed for its natural frequencies and mode
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shapes, which will be later used as excitation frequencies for the acoustic analysis. It should be
noted that the structures used in our analysis are not fixed at any location.

3.1 Natural frequency of the structures
Natural frequencies in the range of 1-2000 Hz are obtained for each of the structures
using ABAQUS 6.11. While capturing the natural frequencies of the structures, it is also
important to capture the correct mode shapes as mode shapes directly couple to the acoustic
domain later on in our analysis. For that reason, it was important to have the finite element
sizes small enough to be able to capture the mode shapes properly at least for the lower
frequencies. Zou et. al.[44] and Schultz [4] suggest having at least 4 elements per smallest edge
in the geometry but their work was based on crushing of honeycomb structures. As suggested
by Thompson et. al. [45], at least 10 elements should be considered per smallest wavelength in
order to capture the nature of wave with reasonable accuracy. The smaller the wavelength, the
smaller the element size we would need. Hence, it was important to study the different kinds of
waves propagating in a cylindrical structure like ours. There are typically 3 kinds of waves
propagating in a cylindrical structure as described by Hambrich [15]:
1. Longitudinal Wave
2. Shear Wave
3. Bending Wave.

Typically among the above 3 kinds of waves travelling in the structure, bending wave travels the
slowest [15], meaning, it has the smallest wavelength among all the waves in a cylindrical
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structure. Hence, while selecting the appropriate mesh size for the structure, we should
consider the bending wave speed, since these waves would need the smallest element size to
capture its motions accurately. Also, bending wave speed is frequency dependent.

cbending 

4

EI  2
,
A

In our analysis, E = 71.9e9 N/m2, ρ = 2700 kg/m3, A = depth X thickness, I = (1/12) X depth X
(thickness)3 m4,   2 f rad/s.
Also, substituting cbending  bending f in the above expression, we obtain the expression for
bending wavelength as,

bending 

10.17313
.
f

The smallest bending wavelength that would be encountered during our analysis would be at
the maximum frequency of analysis, i.e. 2000 Hz. Hence,

bending (min) 

10.17313 10.17313

 0.2274 m .
f max
2000

With the intention of having at least 10 elements per smallest wavelength as suggested by
Thompson et.al. [45], the element size needed for the structures is 0.02274 m. However, in our
analysis, we have used an element size of 0.015 m, the reasons for which are made clear in
Section (3.2).
The following Table 3.1 explains how the model was set up for the natural frequency
extraction.
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Table 3.1: Natural Frequency extraction model set-up for structures

Part

2-D Planar - Deformable
Density = 2700 kg/m3
Young’s modulus = 71.9e9 Pa

Material

Aluminum
Poisson’s ratio = 0.33
Structural Damping = 0.01

Section

Beam or Solid-Homogeneous (Plane stress/strain thickness = 1 m)
a (depth in z-direction) = 1 m

Profile

b (thickness of beam element) = varies (depending upon the structure, refer
Chapter 2 )
Beam elements: B22 (Standard, Quadratic, Beam element)

Mesh

Plane Strain elements: CPE6M (Standard, Quadratic, Plane Strain Triangular
element)
1) ‘Initial’ Step – default

Step

2) ‘Linear Perturbation – Frequency’ Step – maximum frequency of interest: 2000
Hz

Apart from the convergence study, in order to ensure that the element size chosen gives
us accurate results, the beam solid structural model’s natural frequency was first examined and
compared with the analytical solution to such an elastic structure. Theoretical natural
frequencies were analytically calculated using the expression given in [46],

  2

EI n 2 (n 2  1) 2
 AR 4 (n 2  1)
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where, E is the young’s modulus, I 

bt 3
is the area moment of inertia, b is the depth (1 m),
12

t is the thickness of the cylinder,  is the mass density, R is the radius of the ring, A is the
cross sectional area of the cylinder, n is the mode number of vibration.
Comparison of results of the solid cylindrical shell made of beam-elements’ flexural
natural frequencies obtained from ABAQUS to the analytical solution shows that for the first 22
modes of vibration, the difference in the frequencies obtained is less that 1%. The results for the
first few natural frequencies obtained by both the ABAQUS and analytical solutions are
presented below in Table 3.2. A plot showing the same data is presented in Error! Reference
source not found..
Table 3.2: Elastic cylindrical shell model - ABAQUS and analytical natural frequency comparison

Analytical
Frequencies
(Hz)
0
0
6.991590963
19.77520553
37.91722571
61.32030922
89.95559839
123.8123707
162.8859489
207.1740397
256.6754144
311.389368
371.3154726
436.4534568
506.8031413
582.3644045
663.1371609

ABAQUS
Frequencies
(Hz)
0
0
6.991
19.7714
37.9045
61.2882
89.888
123.686
162.669
206.826
256.143
310.609
370.209
434.93
504.754
579.665
659.645
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% Difference
0
0
0.008452488
0.019243926
0.033561828
0.052363111
0.075146395
0.102066304
0.133190697
0.16799386
0.207427112
0.250608423
0.297987212
0.349053657
0.404326879
0.463524974
0.526612151

749.1213494
840.3169255
936.7238557
1038.342115
1145.171683

744.675
834.734
929.801
1029.85
1134.87

0.593541947
0.66438332
0.739049788
0.817853254
0.899575455

Natural frequency Analytical vs. ABAQUS for beam element
2000
1800

Natural Frequency, Hz

1600
1400
1200
1000
800
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400
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200
0
0
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10

15
Mode number

20

25

30

Figure 3.1:Analytical vs. ABAQUS cylindrical shell Natural Frequencies

These values confirm acceptable convergence for the natural frequency values obtained using
the element size of 0.015 m in ABAQUS at least for the lower modes (up to the first 22 modes of
vibration).
Once the element size was established to be reasonable refined, natural frequencies
were extracted for all the structures. The corresponding mode shapes are also analyzed. Flexural
and dilatational modes of vibration are observed for all structures at different frequencies and
modes. The first 15 natural frequencies of the structures are listed below in Table 3.3 for the
honeycombs and corresponding solids. These correspond to only the flexural modes of
vibration. A separate table showing the dilatational modes of vibration observed for the
honeycombs and corresponding solids within the range of analysis is also presented in Table 3.4.
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The complete list of natural frequencies for all the structures in the range of 1-2000 Hz is
presented in Appendix [3.1].
Table 3.3: first 15 Natural frequencies of all structures

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Auxetic Natural
Frequencies (Hz)
0
20.1617
40.2081
59.07455
77.23405
94.98805
112.502
129.8685
147.1455
164.3695
181.5635
198.746
215.927
233.116
250.32

Beam element
Natural
Frequencies (Hz)
0
6.991
19.7714
37.9045
61.2882
89.888
123.686
162.669
206.826
256.143
310.609
370.209
434.93
504.754
579.665

Plane Strain
Natural
Frequencies (Hz)
0
7.969555
22.5386
43.2082
69.8611
102.456
140.9715
185.39
235.696
291.8715
353.901
421.764
495.4405
574.9085
660.1435

Natural Frequency Comparison
2000
1800
1600

Natural Frequency, Hz

Sr. No.

Hexagonal
Natural
Frequencies (Hz)
0
41.3402
95.2735
150.619
204.962
258.046
310.041
361.152
411.541
461.3245
510.583
559.372
607.725
620.138
655.664

1400
1200
1000
800
600
Hexagonal Honeycomb
Auxetic Honeycomb
Beam-element structure
Plane Strain-element structure

400
200
0

0

20

40

60

80
100
Mode Number
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140

160

Figure 3.2: Natural frequency comparison within analysis range for all structures
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Error! Reference source not found. shows how the natural frequencies of all the structures vary
n the analysis range. From Error! Reference source not found., we can observe how the natural
frequencies of the structures vary with respect to each other at different modes of vibration.
The natural frequencies of structures depend on its stiffness and mass. Since masses of all the
structures are the same, a higher natural frequency would mean higher stiffness at a particular
mode and vice versa. From this plot, we can observe that the hexagonal honeycomb seems to
be stiffer than the auxetic honeycomb and the beam-element model for the lower modes of
vibration i.e. upto a frequency of 850.6 Hz. At higher modes, it becomes less stiff than the beamelement and plane strain – element structures but remains stiffer than the auxetic honeycomb
for a given mode. The auxetic honeycomb seems the least stiff of all structures within this range
at all modes except a few lower ones. We can also observe that the plane-strain element model
is not as accurate as the beam element model (since we know the beam model being accurate
from the analytical solution).
A list of frequencies for all dilatational mode or ‘breathing’ mode of vibration within the
analysis range for all structures is presented in Table 3.4.
Table 3.4: Natural frequencies for dilatational mode of vibration

1
2
3
4
5
6

Hexagonal Natural
Frequencies (Hz)

Auxetic Natural
Frequencies (Hz)

447.482
1465.75

424.387
563.63
937.684
1275.14
1351.39
1736

Beam element
Structure Natural
Frequencies (Hz)
821.302
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Plane Strain
element structure
Natural Frequencies
(Hz)
874.849

3.2 Mode Shapes
As explained in Section (3.1) briefly, mode shapes are the characteristic spatial
distributions of vibrations associated with the corresponding natural frequencies. Mode shapes
have a critical role to play, especially when the structure is coupled with another domain as in
the case of the acoustic analysis presented in the following chapter. It is essentially the mode
shape that gets coupled with the acoustic domain and redirects the wave energy flux normally in
different directions due to the presence of localized regions of non-uniformity in a medium. This
makes the study of mode shapes very important in analyzing and understanding the scattered
wave characteristics.
The two types of mode shapes observed in the structures is 1) Flexural mode 2)
Dilatational mode. In flexural mode of vibration, at any point on the inner and outer surfaces of
the structures, the surfaces deform in the same direction. In the dilatational mode of vibration,
the overall structure either expands or contracts when compared to its base state, i.e.
deformation of the surfaces is in opposite direction with respect to each other. Dilatational
mode is also sometimes referred to as ‘breathing’ mode.
Figure 3.3 shows the base state, a flexural mode and a dilatational mode of vibration for
the 3-layered honeycombs and the corresponding solid structures.
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Base State

A Dilatational Mode

A Flexural Mode

Hexagonal
Honeycomb

Auxetic
Honeycomb

Beam
element
solid elastic
cylinder

Plane Strain
element
solid elastic
cylinder

Figure 3.3: Honeycomb and solids; Base state, Flexural Mode, Dilatational Mode

Some higher order mode shapes of the structures are presented in Figure 3.4 below:
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Mode
Number

Hexagonal Honeycomb

Auxetic Honeycomb

1

0 Hz

0 Hz

2

41.34 Hz

20.16 Hz

Solid Elastic Cylindrical
Shell

40.20 Hz

3

0 Hz

6.991 Hz

19.77 Hz

95.27 Hz

4

59.07 Hz

150.62 Hz

Figure 3.4: Higher mode shapes

Some dilatational modes of vibration are also shown in the following Figure 3.5:
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37.9 Hz

Hexagonal Honeycomb

@ 447.482 Hz

@ 1465.75 Hz

Auxetic Honeycomb

@ 424.387 Hz

@ 563.63 Hz

@ 937.684 Hz

Figure 3.5: Dilatational modes of vibration of honeycombs
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3.3 Natural frequency of the inner Acoustic Domain
As explained by Fahy [14], the most important difference between the acoustic behavior
of fluid contained within physical boundaries and an unconstrained fluid body is the existence of
natural modes of vibration and associated natural frequencies, called acoustic modes. As in solid
structures, acoustic modes arise from interactions between intersecting waves and the natural
frequencies are associated with the correspondence between the spatial characteristics of the
interference pattern and the physical and geometrical boundaries of the enclosed fluid. Such an
enclosed fluid exhibits resonant acoustic behavior producing a strongly frequency dependent
response to vibration by structures in contact along with the fluid loading effects that also
exhibit strong dependence on frequency of excitation. If the fluid enclosed is air, similar to our
analysis, the effects of fluid on overall magnitude of scattering response may be low, but it is
prudent to consider the effect of presence of air inside the structure enclosure during our
analysis.
With that intention, the natural frequencies of the enclosed acoustic domain (Inner
acoustic domain) are simulated using ABAQUS 6.11. The element size chosen for the mesh is
based on the minimum wavelength expected within the frequency range of analysis. Since the
speed of sound remains the same in air at a given temperature and is largely independent of the
frequency of induced sound wave, it can be used to estimate the wavelength at any given
frequency by the relation,

acoustic 
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cair
.
f

Also, cair 

B

 air

, where B = bulk modulus of air. Substituting B = 142000 Pa, ρair = 1.2 kg/m3,

we obtain the speed of sound in air as 343.9961 m/s. The maximum frequency of sound wave in
our analysis would be 2000 Hz. Substituting these values in the above expression for
wavelength,

the

minimum

wavelength

aco _ min imum 

343.9961
 0.1719980 m .
2000

that

is

predicted to

be

encountered

is,

As suggested by Thompson et.al. [45], for at least 10 elements per this smallest wavelength, the
minimum element size should be 0.01719980 m. We choose the minimum element size to be
0.015 m for our mesh, the reasons for which are explained in the following paragraph.
The outer acoustic domain, made up of water, can be modelled using a larger element
length since its minimum wavelength is larger than that for the inside acoustic domain.
Estimation for the minimum wavelength of the acoustic wave in the outer acoustic domain is
presented in Section (4.2.1.1). Both the acoustic domains are tied to the structure. Our primary
objective being study of scattered wave, for the ABAQUS analysis, the structural surface would
be treated as the “master” surface and both the acoustic surfaces on the respective interfaces
would be considered “slave” surfaces. ABAQUS requires the slave surface to have a finer
element size than the master surface for accurate results. Having both the surfaces in a tieconstraint to be of the same element size seems to present a case for minimum computational
requirement with accurate results. Hence, even though an element size of 0.022 m would have
been sufficient for the structural surface alone, and a size of 0.0741 m is sufficient for the outer
acoustic domain made up of water (Section 4.2.1.1), we choose to give the structures an
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element size of 0.015 m corresponding to the element size needed for the inner acoustic
domain made up of air for all ‘parts’ in our analysis.

Table 3.5: Natural Frequency extraction model set-up for Inner Acoustic Domain

Part

2-D Planar - Deformable
Density = 1.2 kg/m3

Material

Air

Section

Solid-Homogeneous (Plane stress/strain thickness = 1m)

Mesh

Bulk modulus = 1.42e5 Pa

Acoustic elements: AC2D6 (Standard, Quadratic, Triangular acoustic element)
1) ‘Initial’ Step – default

Step

2) ‘Linear Perturbation – Frequency’ Step – maximum frequency of interest:
2000 Hz

Comparisons of the simulated frequencies are made with the exact solution for natural
frequencies of the enclosed acoustic domain and are found to match, confirming accuracy. The
first 10 natural frequencies along with the corresponding exact solutions are presented in Table
3.6.
Table 3.6: Natural frequencies of Inner Acoustic Domains with ABAQUS and Exact solutions

1
2
3
4
5
6

Hexagonal
structure
dimensions
ABAQUS EXACT
(Hz)
(Hz)

ABAQUS
(Hz)

EXACT
(Hz)

0
110.371
183.088
229.694
251.843
318.764

0
109.207
181.157
227.271
249.186
315.402

0.000
109.207
181.157
227.271
249.186
315.402

0.000
110.371
183.088
229.694
251.843
318.764

Auxetic structure
dimensions
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Beam-element
model structure
dimensions
ABAQUS EXACT
(Hz)
(Hz)
0
100.802
167.215
209.781
230.01
291.129

0.000
100.800
167.200
209.800
230.000
291.100

PS - element model
structure
dimensions
ABAQUS EXACT
(Hz)
(Hz)
0
101.929
169.085
212.126
232.581
294.384

0.000
101.929
169.085
212.126
232.581
294.384

7
8
9
10

319.597
384.588
402.004
420.554

319.597
384.588
402.004
420.554

316.225
380.531
397.763
416.117

316.225
380.531
397.763
416.117

291.889
351.247
367.152
384.094

291.900
351.200
367.200
384.100

295.153
355.174
371.257
388.389

295.153
355.174
371.257
388.389

3.4 Trends and Observations
As discussed in Section (3.1), the natural frequency of a body depends upon its stiffness
and mass. All the structures being of the same mass, the mass distribution occurs over a larger
surface in the x-y plane for the honeycombs than for the thin solids. It can be seen from Error!
eference source not found. that for the lower modes of vibration (the first 6 modes), solid
structures have the least stiffness values. Their natural frequencies are also lower for the initial
modes when compared to the honeycombs. From Error! Reference source not found., we
xpect the hexagonal honeycomb to be stiffer than all the other structures until about the 16th18th mode of vibration i.e. until a frequency of 850.6 Hz. Above this frequency, the solid
structures seem to get more stiff than the hexagonal and auxetic honeycombs. The auxetic
honeycomb seems to be the least stiff of all the structures in the entire range of analysis for a
particular mode of vibration, but has more natural frequencies than any other structure. This
may lead to more number of occasional peaks during the acoustic analysis of auxetic
honeycomb than the other structures.
The importance of mode shapes has been explained briefly in Section (3.2). Even though
we can refine the mesh even further than what we have and obtain better accuracy for the
natural frequencies, we are bound by computational limitations when it comes to accurately
predicting mode shapes, especially for higher frequencies and higher modes of vibrations. In our
analysis, mode shapes become no longer reliable when the elements cross on-to each other at a
given natural frequency, violating the laws of physics, especially in a 2D analysis.
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From our analysis of natural frequencies of the structures, we can see that the planestrain model is not as accurate as the beam model, as confirmed from the analytical results. One
of the reasons for this in-accuracy is the structure not having enough elements across its
thickness (we have only one element across the thickness with the current mesh size). Since the
plane strain model will have inaccuracies ingrained in them, we did not consider the plane strain
model for our acoustic analysis and used the elastic cylindrical shell model comprised of beam
elements for our acoustic analysis and comparison with honeycomb structures.
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Chapter 4 : ACOUSTIC SCATTERING RESPONSE
An obstacle or inhomogeneity in the path of a sound wave causes scattering if
secondary sound spreads out from it in a variety of directions. The smearing of propagation
directions that result when a sound beam reflects from a rough surface is also called scattering.
A dominant feature in many scattering phenomenon is that, except when resonances are
excited, lower frequencies scatter much less than high frequencies. Low frequency scattering is
often referred to as Raleigh scattering.
In this chapter, the sound scattering behavior of the hexagonal and auxetic honeycombs
and the elastic cylindrical shell structures is investigated. The purpose of this analysis is to
measure the Target Strength (TS) of four nodes in particular – Near and Far nodes on the Front
and Back side. Description for Front & Back; near and far nodes is presented in Appendix [4.1].
The co-ordinates at these nodes are: (1, 0), (3, 0), (-1, 0) and (-3, 0). Also, the ‘Directivity’ of all
the nodes lying on the structure-acoustic interface at the scattering surface is investigated.
These parameters are investigated for two types of acoustic domain outside the structure i.e. in
the scattered wave region: air & water. All the solid structures used in the following acoustic
analysis have the same mass and their geometries are same as those used for the natural
frequency extraction.
In order to help us understand the physics behind the solid-acoustic interaction, the
equations of motion involved with this analysis are presented first. A discretized coupling
equation is also presented which would be used to solve for acoustic pressures in the acoustic
domain. Since the model set-up in ABAQUS is similar for all the studies conducted, it has been
explained after presenting the equations of motion.
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Before going ahead with the acoustic analysis, it is necessary to ensure two things: 1) if
the outer radius chosen is far enough so that along-with the non-reflecting boundary condition
imposed on the outer edge, the chosen radius does not influence the results of acoustic
parameters observed on the scattering interface, i.e. structure-fluid interface. 2) if an
appropriate element size is used to estimate scattering performance with acceptable levels of
accuracy.
Two convergence studies were carried out. The first study was to compare the acoustic
scattering performance at different locations for an outer acoustic radius of 3 meter and 5
meter. The beam-solid structure model was chosen for this analysis. The target strengths of
nodes in the acoustic domain and the directivities of the nodes on the scattering interface were
studied. Once the outer radius of 3 meter was found to be good enough, a convergence study
was carried out for acoustic wave scattering off of a rigid structure to ensure that the element
size chosen is fine enough. This result would also serve as a base result and would help us
compare scattering performance of our honeycomb and solid structures. For the rigid scattering
convergence study, an analytical result was obtained by Dr. Thompson using the theory
presented by Skelton et.al [2]. This analytical result was compared with the scattering results
obtained using ABAQUS 6.11. Once these results were seen to agree with one another, the same
mesh size was used to carry out acoustic analysis for all the models.
To evaluate scattering performance, a ‘Steady-State Dynamic analysis: Direct’ is carried
out where the honeycomb structures and the solid structures are subjected to a unit amplitude
incident plane wave whose frequency ranges from 1-2000 Hz. The incident wave strikes the
structures at the near node (Appendix [4.1]). Measurements of the scattered wave for acoustic
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pressure and acoustic velocity are made at various nodes in the outer acoustic domain. For
calculating directivity along the inner circumference of the outer acoustic domain, acoustic
pressures are also measured at all the nodes lying on the inner edge of the outer acoustic
domain, i.e. the scattering surface. The post-processing and interpretation of results are
explained in the end. In the next chapter, acoustic radiation performance of these structures is
compared.

4.1 Equations of Motion
4.1.1 Acoustic equations
The equations of motion being solved for are presented below [43]. The equilibrium
equation for small motions of a compressible, adiabatic fluid is given by,

p
  u f   f u f  0,
x

(2.1)

Where, p is the excess pressure in the fluid (pressure in excess of static pressure), x is the spatial
position of the fluid particle, u f is the fluid particle velocity, u f is the fluid particle acceleration,

 f is the density of the fluid and  is the volumetric drag.
Since the constitutive behavior of the fluid is assumed to be linear and compressible, pressure
can also be expressed as,

p  K f

where, K f is the bulk modulus of the fluid.
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u f
x

(2.2)

Assuming harmonically varying loads and modal degrees of freedom, we can express the fluid
particle velocity and acceleration as a function of its displacement as follows:

u f  A exp(it )
where, A is the constant amplitude of displacement. Thus,

u f  i  u f , u f   2 u f .
Substituting the above expressions in (4.1), we obtain

p
 

  2   f   u f  0,
x
i 

In the presence of volumetric drag, we combine the term inside parenthesis in the above
equation to form a ‘complex density’ term. Since we do not have physical force acting on the
structure, we can have no volumetric drag in our analysis, and can force   0 . Hence,

p
2  f u f  0 .
x
Dividing this equation by  f and combining it with the second time derivative of the
constituent law shown in equation (4.2), we obtain the strong form of the equation of motion
for the acoustic medium as,

2
Kf

p

  1 p 

0
x   f x 

(2.3)

To develop a variational statement or a weak form of the above equation, we introduce an
infinitesimal variation  p and integrate over the entire volume of the medium.
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 2

 p
Vf

 K f

p

  1 p  

 dV  0
x   f x  

Integrating by parts and applying Green’s theorem, we obtain

 1  p p
2 
1 p


p
p  dV    p
 nˆ dS  0
V   f x x

K


x
f
f
Sint

f 
In steady-state, boundary traction is defined as,

T (x)  

1 p
 nˆ   2 nˆ  u f  nˆ  u f
 f x

This is the component of acceleration of the fluid in the normal direction, which is equal to the
normal component of acceleration of the coupled structure. When the motion of an acoustic
medium is directly coupled to the motion of a solid, like in our analysis, on such acousticstructural boundary, the acoustic and structural media have the same acceleration normal to
the boundary, but tangential motions are uncoupled.
2
Thus, nˆ  u f  nˆ  um   nˆ   um , where um is the displacement of the solid structure in

contact and um is the structure’s acceleration in the normal direction.
Substituting the above relation for boundary traction, we obtain the final variational statement
as follows:

 1  ( p) p
2 


p
p  dV    p  2 nˆ  um dS  0
V   f x x
K f 
Sint
f 

56

(2.4)

4.1.2 Structural equations
For the structural motions, the equations of motion can be described using the virtual
work principle [43]. The structural behavior as defined by the virtual work equation is as follows,

   dV    
c

V

V

 um  um dV     um  um dV   p  um  nˆ dS  0

m

V

(2.5)

Sint

where,  is the stress at any point in the structure, p is the pressure acting on the solid-fluid
interface, n̂ is the outward normal unit vector, m is the density of the material of the solid,  c
is the mass-proportional damping factor, um is the acceleration of a point on the structure,  um
is the infinitesimal displacement variation,  is the strain variation compatible with  um .

4.1.3 Coupled Acoustic-Structural equations
As described in Section (4.1.1), nodal displacements at the interface um are equated for
both the structure and the acoustic domain. ABAQUS decomposes the total pressure into the
known incident wave component and the unknown scattered component [43]. The scattered
fluid traction depends upon the incident pressure.
To obtain a single variational equation, we sum equations (4.4) and (4.5) to obtain,

 1  ( p ) p
2 


p
p  dV    p  2 nˆ  um dS

V   f x x

K
f
Sint

f 
      c  m um  um    um  um  dV
V



(2.6)

p  um  nˆ dS  0

Sint

Let P, Q represent the pressure degrees of freedom in the fluid and N , M represent the
displacement degrees of freedom in the structure. Also, to make the single variational equation
shown in equation (2.6) dimensionally consistent, we use the Petrov-Galerkin substitution,
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 pp 

d2
 pˆ p  . The problem can be discretized using the interpolation functions for the
dt 2

acoustic domain: p  H p p p ,  p  H p p p which leads to

p H p
 p H p

pp ,

 pp .
x
x
x
x

On the structural domain, we use the interpolation functions: um  N N uN ,  um  N N  uN .
Substituting these interpolation functions into Eq. (2.6), we obtain the discretized finite element
equation as,

  1 H H

 H P HQ


 
Q
P
 pˆ p   
dV  pQ   
dV  ( 2 pQ )    H P nˆ  N M dS  u M 

V f K f

 Sint
 
 V f  f x x






2
  N  dV     N N N M dV  ( uM )     c  N N N M dV  (i uM ) 
V

V



 u N  
0

V 

    H Q N N  nˆ dS  pQ


  Sint


(2.7)

, where  N is the strain interpolator. In case of coupled systems where the forces on the
structure due to the fluid are very small, the system can be solved in a “sequentially coupled”
manner, i.e. the interface term (Sint) in the structural part of the above equation can be omitted
and subsequently, the fluid equations can be solved with the interface term (Sint) imposed as a
boundary condition.

4.2 Model set-up in ABAQUS
Figure 4.1 shows the general model set-up for investigating the acoustic performance of
structures with respect to the scattered wave. The incident plane wave has maximum amplitude
of 1m and frequency ranges from 1-2000 Hz.
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The location of the source of incident plane wave is at RP-1, the stand-off point is at RP2. The inner acoustic domain, the solid/honeycomb (structural) domain and the outer acoustic
domain are marked in the flowing figure. The details of the model set-up are as follows:

4.2.1 Parts
Figure 4.1 shows the entire assembly and the parts involved in it. The outer acoustic
domain has an outer radius of 3 meter and an inner radius of 1 meter. The dimensions of the
structural domain and that of the inner acoustic domain vary with the structure, as explained in
Sections (2.1) and (2.2.2). The inner acoustic domain is always made up of air.
The structural domain is discretized depending upon the type of element being used.
For beam elements, B22 – Standard, Quadratic, Beam 3-node elements are used. The acoustic
domain is discretized using AC2D6 elements – Standard, Quadratic, Triangular acoustic
elements. As per the recommendations of Thompson et.al. [45], for a minimum of 10 elements
per smallest wavelength encountered during the course of the analysis, the mesh size was
chosen as described in the following paragraph.
For our analysis, a plane wave of unit amplitude is incident upon the structure and
scatters back into the outer acoustic domain. The range of frequencies for the analysis is 1-2000
Hz. Considering water in the outer acoustic domain, cwater 

K water

 water

, K water is the bulk

modulus of water = 2.2 GPa,  water is the density of water = 1000 kg/m3. Thus, speed of sound in
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water is 1483.24 m/s. Now,  

c
, where  is the wavelength and f is the frequency of the
f

sound. For our analysis, f max  2000 Hz.

Figure 4.1: General model set-up

Thus, min 

1483.24
 0.74162 m. For 10 elements per smallest wavelength, the maximum
2000

element length should be 0.074162 meter.
Considering air in the outer acoustic domain with bulk modulus = 1.42e5 Pa and density of 1.2
kg/m3,

cair 

K air

air

 343.996 m/s. Once again, the smallest wavelength would be

encountered at a frequency of 2000 Hz. Hence, this time, min 

343.996
 0.172 m . For a
2000

minimum of 10 elements per smallest wavelength, we need an element size of maximum length
0.0172 meter. To be on the safer side, we shall chose this to be 0.015 m.
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Even though we use water for a part of our analysis, due to the coupling conditions and the
subsequent meshing constraints imposed by ABAQUS 6.11 as explained in Section (3.2), we have
used an element size of 0.015 meter for all our domains.
Different sets for nodes are created in the ‘part’ domain in order to request data for the acoustic
analysis. This data will be used during post-processing for evaluating performance of all
structures. The sets generated are listed below:
1. Node Set for all the nodes belonging to the solid-fluid interface
2. Node Set for the Front Near Node (1, 0)
3. Node Set for the Front Far Node (3, 0)
4. Node Set for the Back Near Node (-1, 0)
5. Node Set for the Back Far Node (-3, 0)

4.2.2 Section and Material Properties
A solid-homogeneous section with a plane stress/strain thickness of 1 meter is created
and assigned to the part through ‘Section Assignment’ in the part module. For the different
acoustic domains, material properties assigned are described in the table below:
Table 4.1: Acoustic domain material properties

Material

Density (kg/m3)

Bulk Modulus (Pa)

Water

1000

2.2e9

Air

1.2

1.42e5

61

For the structural domain, a beam section is selected for the honeycombs and the
beam-element model. For the plane strain-element model, a solid-homogeneous section is
used. The material properties are the same as described in Table 3.1.

4.2.3 Step
A ‘Steady State Dynamics – Direct’ analysis is carried out for a frequency range of 1-2000
Hz. A prior ‘frequency’ or ‘linear perturbation’ step is used to extract the natural frequencies of
the structure from whose surface the incident wave scatters. This extraction is similar to the
natural frequency extraction step carried out as per Chapter 3.
Step 1: Initial – ABAQUS default step
Step 2: Steady State Dynamics – Direct – Loading step, with linear scale from 1-2000 Hz
The natural frequencies extracted earlier are then used as frequency sweep input with sufficient
number of points in between each frequency range and a bias of 2. The bias intends to grab
more points near the natural frequency of the structure for better refinement of acoustic
performance near the structure natural frequency than at a frequency point in-between two
consecutive natural frequencies.

4.2.4 Field Output Requests
Field outputs for acoustic pressure (POR) are requested at all the node sets mentioned
in Section (4.2.1). These values are after used for post-processing and evaluating acoustic
performance of structures. We would also need co-ordinates (COORDS) of the nodes lying on
the scattering surface which can be requested only on the last increment of the loading step.
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4.2.5 Interaction Properties
An interaction property for the propagation of a plane wave through a fluid of a specific
density and wave speed is defined. This would later be used to define the type of incident wave,
the speed of propagation of the wave and the density of the fluid through which the wave
passes.
Table 4.2: Interaction property definition

Fluid

Definition

Speed of sound in fluid
(m/s)

Density (kg/m3)

Water

Planar

1483.24

1000

Air

Planar

343.996

1.2

4.2.6 Amplitude
The amplitude of the incoming plane wave is defined using this definition. The time
span, starting frequency and the final frequency, and the amplitudes at these frequencies is to
be provided. ABAQUS interpolates the values using different formulations at the intermediate
frequencies and uses that amplitude for the incident wave at the particular frequency.
Table 4.3:Amplitude definition for the incident wave

Time Span
Step time

Time/Frequency

Amplitude

0

1

2500

1

4.2.7 Interactions
4.2.7(A) Incident Wave
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Two Incident wave interactions are defined in the ‘loading’ step. We define the source
point & the stand-off point (same for both interactions) and the surfaces upon which the wave is
incident – the outer surface of the structure and the inner surface of the Outer Acoustic domain.
The incident wave properties are defined separately in the model tree. The source point for the
wave is selected at Reference Point (RP) – 1, the stand-off point is at RP-2, and the incident
surfaces are the outer surface of the structural domain and the inner surface of the acoustic
domain. These two interactions are defined separately. For both, the incident wave is defined as
a ‘Pressure’ wave, with the wave properties as defined in the ‘Interaction Properties’ module of
the model tree. A unit ‘Reference magnitude’ is defined and the amplitude of wave at the standoff point has a unit real value, as defined in the ‘Amplitude’ section of the model tree.

Figure 4.2: Incident wave Interaction definition

4.2.7(B) Non-reflecting Boundary

64

An acoustic absorbing impedance of a circular non-reflecting type is defined at the outer
edge of the outer acoustic domain. A radius corresponding to the outer radius of the outer
acoustic domain is given to this non-reflecting boundary. This is defined to simulate an infinite
acoustic domain and to avoid reflection of the scattered wave off the outer edge and back into
the acoustic domain under consideration, thereby affecting the accuracy of the scattering
results obtained.

4.2.8 Constraints
A ‘surface-to-surface’ tie constraint is defined for the two interfaces between the
structural and acoustic domains. On both occasions, the structural surface is defined as the
‘master’ and the acoustic surface is defined as the ‘slave’. The surfaces under consideration are:
Table 4.4: Constraints

Master surface

Slave surface

Tie-1

Structural domain - Outer surface

Outer acoustic domain - Inner surface

Tie-2

Structural domain - Inner surface

Inside acoustic domain - outer surface

Once the model is set-up in the model tree, a ‘Job’ is created for the specific model and the
analysis is set to ‘Run’. By default, the results would be stored in the ‘C:\Temp’ folder. This is
particularly not good if one is working on multiple computer systems and wishes to view the
results of simulation on both systems. A separate ‘Work Directory’ is recommended in the
working folder itself for the purpose of carrying the results of the simulation along with the
folder. One must make sure to change the current work directory to the particular folder before
executing the analysis every time.
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4.3 Convergence study for outer radius of Acoustic domain using elastic cylinder
model
The purpose of this convergence study is to determine if the outer radius of the acoustic
domain that we will select is far enough so that, along with the non-reflecting boundary
condition imposed on the outermost radius of the acoustic domain, it does not influence the
results of acoustic parameters on the scattering surface.
For the purpose of our first convergence study, the elastic cylinder simulated using
beam-elements was used along with the outer acoustic domain made up of water and air. The
model is set-up the same way as explained in Section (4.2). As per the recommendations by the
ABAQUS 6.11 documentation [43] a minimum radius of 3 meter is required for our structural
dimensions. To establish conclusively, that along with the non-reflecting boundary condition
imposed on the outer radius, a radius of 3 meter is sufficiently far so as to not have any
influence on the acoustic parameters on the inner surface (scattering surface) of the acoustic
domain, we need to compare it with a larger radius (5 meter in this case) and check if the results
of acoustic parameters on the scattering surface in both cases are the same or close to each
other within acceptable limits. The source point is always kept at the outer boundary of the
acoustic domain, i.e. either at co-ordinates (3, 0) or at (5, 0) depending on which radius is
selected. If the acoustic parameters in both cases do not differ by a large amount on the
scattering surface, we can go ahead with a radius of 3 meters for the analysis of all our models.
This confirmation would also help us minimize the computational time and resources needed to
execute our analysis, as a larger radius would mean more number of elements and hence, more
computational time. Once the results were obtained for acoustic pressures along the scattering
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surface for models with outer radii 3 meter and 5 meter, post-processing is done to obtain
Target Strengths at certain nodes along the scattering surface. Also, directivities at the nodes
lying on the scattering surface are measured for the first few natural frequencies of the beam
structure.
The results for target strength (dB) obtained on the nodes at co-ordinates (1, 0), (3, 0), (1, 0) and (-3, 0) for the outer radius of RO = 3m and 5m are presented in following figures for the
acoustic domain of air and water. Also, directivities on the nodes lying on the scattering surface
for both the radii are presented.

4.3.1 Air
From Figure 4.4 and Figure 4.3, we can notice that the values of target strengths for the two
radii are exactly over lying on each other, meaning that the values of target strengths for the
nodes at (1, 0) for both the radii is same. This confirms our convergence for outer radii as far as
the target strength on the nodes on the scattering surface is concerned. From Figure 4.5 and
Figure 4.6, we can see that we cannot use the radius of 3m to look for ‘far field’ scattering
response as clearly, the results for the nodes on (3, 0) & (5, 0) and (-3, 0) & (-5, 0) are not exactly
the same.
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Figure 4.4: TS @(1, 0) for radius 3m & 5m (Air)
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Figure 4.3: TS @(-1, 0) for radius 3m & 5m (Air)
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Figure 4.5: TS @(3, 0) & (5, 0) respectively for radius 3m & 5m (Air)
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Figure 4.6: TS @(-3, 0) & (-5, 0) respectively for radius 3m & 5m (Air)

The directivity at all the beam-element structure’s natural frequencies on all the nodes on the
scattering surface for both 3 meter and 5 meter acoustic radii were also studied and compared
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to observe the overall distribution of pressure along the scattering surface for both cases. The
directivity plots for a few structure natural frequencies are presented here across the frequency
range of study. We observe that the directivities converge more and more as we move towards
the higher frequencies. The MATLAB code used for this analysis are presented in Appendix [4.3].
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Figure 4.7: Directivities at scattering surface nodes for 3m and 5m radius at lowest frequencies (AIR)

70

@ 504.754 Hz
0

Directivity at the Inner Nodes

-10
-20
-30
-40
-50
-60
-70

3m
5m
0

50

100
150
200
250
Nodal Angular position (degrees)

300

350

Figure 4.8: Directivities at scattering surface nodes for 3m and 5m radius (AIR)
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Figure 4.9: Directivities at scattering surface nodes for 3m and 5m radius (AIR)
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Figure 4.10: Directivities at scattering surface nodes for 3m and 5m radius (AIR)
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Figure 4.11: Directivities at scattering surface nodes for 3m and 5m radius (AIR)
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From this study, we can conclude that for an acoustic domain of air, a radius of 3 m gives us
results very similar directivity results on the scattering surface to the ones obtained with the 5 m
radius across the frequency range of analysis. It is observed that towards the lower natural
frequencies of the elastic cylinder, there is a small difference in the directivities at the scattering
surface. The directivities for the nodes lying on the scattering surface seem to converge a lot
better as we move towards higher modes of vibration and higher natural frequencies of the
structure with almost negligible difference in target strengths.

4.3.2 Water
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Figure 4.12: TS @(1, 0) for radius of 3m & 5m (Water)
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Figure 4.13: TS @(-1, 0) for radius of 3m & 5m (Water)
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Figure 4.14: TS @(3, 0) and (5, 0) respectively for radius of 3m & 5m (Water)
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Figure 4.15: TS @(-3, 0) and (-5, 0) respectively for radius of 3m & 5m (Water)

From Figure 4.12 and Figure 4.13, we can notice that the values of target strengths for the two
radii on certain nodes on the scattering surface are exactly the same, confirming convergence.
From Figure 4.14 and Figure 4.15, we can see that, just as with ‘Air’, we cannot use the radius of
3m to look for ‘far field’ scattering response as clearly, the results for the nodes on (3, 0) & (5, 0)
and (-3, 0) & (-5, 0) are not exactly the same.
The directivity at all the beam-element structure’s natural frequencies on all the nodes
on the scattering surface for both 3 meter and 5 meter acoustic radii are shown below. Just as
before with ‘Air’, it is observed that towards the lower natural frequencies of the elastic
cylinder, there is a small difference in the directivities at the scattering surface and the
directivities for the nodes lying on the scattering surface seem to converge a lot better as we
move towards higher modes of vibration and higher natural frequencies of the structure with
almost negligible difference in target strengths.
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Figure 4.16: Directivities at scattering surface nodes for 3m and 5m radius at lowest frequencies
(WATER)
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Figure 4.17: Directivities at scattering surface nodes for 3m and 5m radius (WATER)

76

@ 1029.85 Hz
-26
-26.5

Directivity at the Inner Nodes

-27
-27.5
-28
-28.5
-29
-29.5
-30
-30.5
3m
5m

-31
-31.5

0

50

100
150
200
250
Nodal Angular position (degrees)

300

350

Figure 4.18: Directivities at scattering surface nodes for 3m and 5m radius (WATER)
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Figure 4.19: Directivities at scattering surface nodes for 3m and 5m radius (WATER)
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Figure 4.20: Directivities at scattering surface nodes for 3m and 5m radius (WATER)

Keeping our computational limitations in mind and in the interest of reducing
computational time, these plots of directivity and target strength in air and water help us
conclude that a radius of 3m is far enough to provide us with acceptably accurate results. Once
the radius of 3 meters for the outer acoustic domain is confirmed to gives us accurate results,
we can go ahead and check for mesh-size convergence.

4.4 Reference case study of rigid body sattering
In Section (4.3), we were able to confirm that a radial distance of 3 meter for the outer
boundary of the acoustic domain could give us sufficiently accurate results inside the acoustic
domain when the non-reflecting interaction property is imposed on the outer edge for air and
water. Now, as described in the introduction to this chapter, in order to have a relative
appreciation of scattering performance of all the elastic structures, it was necessary to quantify
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the acoustic performance of the incident plane wave of unit magnitude from a rigid surface. For
these purposes, the ABAQUS results for a plane wave scattering off of a rigid surface into an
acoustic domain of water and air are shown here. The mesh size for this study is kept the same
as the one used for the previous convergence study of the outer radius.
In ABAQUS, if the inward normal derivative of pressure per unit density of the acoustic
medium is zero, i.e. if no boundary condition is specified on any particular boundary, it would be
treated as a rigid boundary (Neumann condition) [43]. Thus, to simulate a rigid boundary on the
inner edge of the outer acoustic domain, no boundary condition or constraint was specified on
this edge. Other details of the model are presented below.

4.4.1 Part
Figure 4.21 shows the only part used in this model – the acoustic domain. The overall
dimensions as well as the element size are the same as described in Section (4.2.1). The acoustic
domain is again discretized using AC2D6 elements. Node sets similar to ones mentioned in
Section (4.2.1) are created. The maximum element size is chosen to be 0.015 m, also as
discussed in Section (4.2.1).

4.4.2 Section and Material Properties
Section and material properties similar to the ones explained in Section (4.2.2) are
created.
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Figure 4.21: Rigid scattering model

4.4.3 Step
The ‘Step’ defined in this model is similar to the one defined in Section (4.2.3) except
the frequency distribution. Since no natural frequencies can be associated with the outer
acoustic domain (it represents an infinite exterior domain when the non-reflecting boundary
condition is defined at the outer edge), the frequency range of 1-2000 Hz is distributed into 200
equally spaced frequencies and the acoustic pressure is extracted at these frequencies. These
would later be post-processed to calculate target strengths at these frequencies.

4.4.4 Field Output Requests
Field outputs for acoustic pressure (POR) at the node sets requested in Section (4.2.1)
along with the co-ordinates (COORD) of all the scattering surface nodes.
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4.4.5 Interaction Properties
An interaction property for the propagation of a plane wave through water and air are
defined similar to Section (4.2.5).

4.4.6 Amplitude
The amplitude of the incoming plane wave is defined here. This is similar to the
amplitude defined in Section (4.2.6).

4.4.7 Interactions
4.4.7(A) Incident Wave
Here only one ‘Incident wave’ interaction is defined unlike in Section (4.2.7) where we
had defined two separate Incident wave interactions. The parameters of the ‘Incident wave’
interaction are kept exactly same as that section.

4.4.7(B) Non-reflecting Boundary
This is similar to Section (4.2.7).
The results for rigid body scattering obtained using analytical method and ABAQUS are
presented below for the acoustic domains of air and water.
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Figure 4.22: TS In Air at (1, 0)
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Figure 4.23: TS In Air at (-1, 0)
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Figure 4.24: TS In Air at (3, 0)
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Figure 4.25: TS In Air at (-3, 0)
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Figure 4.26: TS in Water at (1, 0)
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Figure 4.27: TS in Water at (-1, 0)
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Figure 4.28: TS in Water at (3, 0)
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Figure 4.29: TS in Water at (-3, 0)
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Earlier, we established that outer radius chosen (3 m) gives us accurate results on the scattering
surface. The acoustic scattering performance results for all our models were evaluated in the
following sections. But before going ahead with the analysis, it was thought necessary to
evaluate the effect of presence of a domain inside the smaller radius of the structure on the
acoustic performance of the structures in the outer acoustic domain. Two cases were
considered: Air & in-vacuo. The results of that analysis are presented in the following section.

4.5 Inner Acoustic domain: Air vs. In-Vacuo condition
Iakovlev et. al. [39] studied the effects of having two different fluids inside and outside
the structure and concluded that fluids with different properties on the inside and outside
acoustic domains have significantly different acoustic performances, especially when the fluid
outside is denser than the fluid inside. They also analyzed the effects of having a fluid in the
inside domain vs. no fluid at all. Their study however, included transmission of acoustic waves
into the inside acoustic domain and come through the body of the structure to the outside
domain. In our analysis, we have considered the inner and outer acoustic domains to be isolated
from each other as far as pressure waves are concerned. However, it was felt necessary to
evaluate how the presence of a domain inside the structure affects the acoustic performance on
the outside.
A separate study was conducted to evaluate the effects of presence a domain inside the
structure vs. presence of no medium, i.e. in-vacuo condition. To simulate the in-vacuo, the inner
acoustic domain was suppressed from the model. Rest of the parameters were kept same as
before. This evaluation was conducted for both air and water in the outside acoustic domain.
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The outer radius of the acoustic domain outside the structure is 3 m for this analysis. The target
strengths at the co-ordinates (1, 0) & (-1, 0) were calculated. These results for both conditions
under consideration are presented below.

4.5.1 Outside Domain: Air
95
90

Target strength, dB

85
80
75
70
65
60
55

Inside: Air
Inside: Vacuum
0

200

400

600

800 1000 1200
Frequency (Hz)

1400

1600

1800

2000

Figure 4.30: TS @(1, 0) for inside domain of Air vs. In-Vacuo. Outside domain Air
100
95

Target strength, dB

90
85
80
75
70
65
60
55

Inside: Air
Inside: Vacuum
0

200

400

600

800 1000 1200
Frequency (Hz)

87

1400

1600

1800

2000

Figure 4.31: TS @(-1, 0) for inside domain of Air vs. In-Vacuo. Outside domain Air

From the figures above, we do not observe any appreciable difference in the target strengths at
these nodes between ‘in-vacuo’ and ‘air’ in the inside domain.

4.5.2 Outside Domain: Water
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Figure 4.32: TS @(1, 0) for inside domain of Air vs. In-Vacuo. Outside domain: Water
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Figure 4.33: TS @(-1, 0) for inside domain of Air vs. In-Vacuo. Outside domain: Water

From the figures above for the outside domain of water, we observe that the inside domain
plays a very small role in the target strengths for scattering response. We notice that at
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frequencies corresponding to the natural frequency of the inside domain itself (Table 3.6 for
beam model) minor perturbations in the Target Strength plots are seen.
This result can justify the use of the in-vacuo condition for analyzing the scattering response of
all models, but since the presence of air within the inside radius of the structures simulates a
more real world situation, we chose to have air present in the inside domain. It must be noted
that this will have an impact on the computational time required for the analysis. We need more
time if we choose air than we would need if we went ahead with the in-vacuo condition.

4.6 Scattering Response for Elastic Structures: Post – processing & Results
From the convergence studies performed in the previous sections, we concluded that
the chosen mesh size is optimum and that the outer radius of 3m is acceptably far enough for
both air and water. Once these parameters are fixed, we can go ahead and extract acoustic
scattering target strengths at specific locations in the acoustic domain for all the structures.
After obtaining the results for acoustic scattering pressures at co-ordinates (1, 0), (3, 0),
(-1, 0) and (-3, 0), target strengths were calculated at these nodes for all structures and plotted
against each other. MATLAB was used for post – processing. The reference pressure used during
calculation of Target Strength is 2 x10 5 Pa . The following results are obtained for the two
outer acoustic domains, air and water. In all cases, an inner domain of air is present.
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4.6.1 Air
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Figure 4.34: TS @(1, 0) for Air
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Figure 4.35: TS @(-1, 0) for Air
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Figure 4.36: TS @(3, 0) for Air
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Figure 4.37: TS @(-3, 0) for Air

From Figure 4.34 to Figure 4.37, we can observe that the auxetic honeycomb seems to have
lesser perturbations that the other structures. Interestingly though, at lower frequencies,
especially at frequencies below the ring frequency (821.30 Hz), the hexagonal honeycomb
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seems to have more fluctuations in the target strength than the beam model and auxetic
honeycomb. At frequencies above the ring frequency, the beam model seems to have more
perturbation than the hexagonal and the auxetic honeycombs. The auxetic honeycomb seems to
have very small perturbations when compared with the other two structures throughout the
analysis range. The average value of target strengths for all the structures is very similar to each
other throughout the range of analysis when the outer domain is made up of air.

4.6.2 Water
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Figure 4.38: TS @(1, 0) for Water
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Figure 4.39: TS @(-1, 0) for Water

100

90

Target strength, dB

80

70

60

50
Hexagonal honeycomb
Auxetic honeycomb
Elastic cylinder

40

30

0

200

400

600

800 1000 1200
Frequency (Hz)

1400

Figure 4.40: TS @(3, 0) for Water
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Figure 4.41: TS @(-3, 0) for Water

From Figure 4.38 to Figure 4.41, the overall trend in the acoustic scattering target strengths for
both the honeycombs seems to remain very similar and independent of the location of the node
selected to be studied. On the other hand, the elastic cylindrical shell scattering response differs
depending on whether the node is located in the front-half of the acoustic domain or the backhalf (nodes with positive x-coordinates are considered to be in the front-half and those with
negative x-coordinates are considered in the back-half of the acoustic domain). At lower
frequencies (0-900 Hz), we can observe that the target strength for the honeycombs seem to be
slightly lower than the elastic cylindrical shell. Among the honeycombs, the auxetic honeycomb
seems to scatter a little less than the hexagonal honeycomb when the target strengths at the
nodes are compared. In the mid-frequency range (900-1500 Hz), all the structures have very
similar target strengths but the honeycombs scatter a little less than the elastic cylindrical shell.
Among the two honeycombs in this range, the hexagonal honeycomb scatters less than the
auxetic honeycomb. At the higher frequencies (1500-2000 Hz), the elastic cylindrical shell
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scatters less than both the honeycombs which is evident from the lower target strengths for the
elastic cylindrical shell than for the honeycombs. We can conclude that the elastic cylindrical
shell scatters more than both the honeycombs for the better part of the low and mid frequency
range (0-1500 Hz).
It should be noted that when water was used in the outside acoustic domain for
analysis, there was a difference in the properties of the acoustic media outside and inside of the
structure. When air was present in the outside acoustic media, there was not a significant
difference in the properties of the acoustic domain outside and inside the structure.

4.7 Results & Observations
The acoustic scattering target strengths of these structures vary depending on what the
outer domain is made up of. The expected dominant feature in many scattering problems, that
of lower frequencies scattering much less than high frequencies, except when resonances are
excited, is confirmed for the beam element homogeneous elastic cylinder. When air is present in
the outer acoustic domain, we observe the behavior of hexagonal and auxetic honeycombs to
be different than the predicted scattering pattern for homogeneous structures. Hexagonal
honeycomb scatters more at lower frequencies than at higher ones. The auxetic scattering is
more uniform (smooth) throughout the range of analysis with a lot less perturbations than both
the hexagonal honeycomb and the elastic cylinder when the outer domain is made up of air.
When the outer acoustic domain is water, we observe slightly lower target strengths for
the honeycombs than the elastic cylindrical shell model. It must be noted that now there is
appreciable difference in the densities of the acoustic medium surrounding the structure and
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enclosed within. Even among the honeycombs, the auxetic honeycomb has lower target
strengths in the range of 0-900 Hz. In the range of 900-1500 Hz, the hexagonal honeycomb
scatters a little less than the auxetic honeycomb. The acoustic performance of honeycomb
structures resembles the overall performance of the elastic cylinder, except at the resonant
frequencies of the structures, when we look at locations in the front-half of the outer acoustic
domain, i.e. the same side where the incident wave arrives from. However, the honeycombs
behave very differently on the other side of the outer acoustic domain, i.e. the back-half plane,
and have lower values of target strength in this region, than the elastic cylinder.
In the analysis executed by Scarpa and Tomlinson [28], the outside acoustic domain was
considered to be air at an altitude of 10,000 ft, resulting in lower density of air and
consequently, a lower wave speed. In their study of the transmission loss characteristics of the
auxetic and hexagonal structures, they observed that the auxetic honeycomb performs better,
i.e. has a higher transmission loss value, than the hexagonal honeycomb above the ring
frequency. This result was attributed to the fact that for low cell aspect ratios and negative
internal cell angles of the auxetic honeycomb, the out-of-plane shear modulus is higher than
that of a hexagonal regular honeycomb, resulting in a larger bending stiffness. In case of our
analysis where we have air with similar properties both on the outside and inside acoustic
domains, i.e. when the densities of the acoustic medium are same on both sides of the
structure, we do not see any appreciable difference in the acoustic scattering target strengths
between the honeycombs and the beam element model. When water is present in the outer
domain, we see some difference in the scattering target strengths of the honeycombs and the
elastic cylindrical shell, but not too different than each other. Resonant peaks are clearly visible
for the honeycombs, where the excitation frequency matches the natural frequency of the

97

structures in case of outer domain of air, but not all peaks are prominent when the outer
domain is made up of water.
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Chapter 5 : ACOUSTIC RADIATION RESPONSE
A large proportion of all sources of sound radiate energy through the action of vibrating
solid surfaces upon surrounding fluid. A common mechanism of generation of sound by surface
vibration is the acceleration of fluid in contact with the surface. In order for a vibrating surface
to radiate sound effectively, it must not only be capable of compressing or changing the density
of the fluid with which it is in contact, but must do so in such a manner as to produce significant
density changes in the fluid remote from the surface.
Acoustic radiation pressure is the apparent pressure difference between the average
pressure at a surface moving with the displacement of wave propagation and the pressure that
would have existed in the fluid of the same mean density when at rest [47]. Basically,

pElastic _ Radiated  pRigid _ Scattering  pElastic _ Scattering
In this chapter, the sound radiation behavior of the hexagonal and auxetic honeycombs
and the elastic cylindrical shell is investigated. Just as in the scattering analysis, here we
measure the Target Strength (TS) of the same four nodes – Near and Far nodes on the Front and
Back side, the co-ordinates being: (1, 0), (-1, 0), (3, 0) and (-3, 0). Radiated pressures are
obtained for two outside acoustic domains: air & water. The model set-up is exactly similar to
the one used for scattering analysis. Where this analysis differs from the scattering analysis is in
the post-processing step.
After obtaining the results for pressure after scattering off a rigid surface, and the
results obtained from the scattering off of elastic structures (elastic cylinder made up of beam
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elements, hexagonal and auxetic honeycombs), the real and imaginary components of pressure
of the elastic scattering were subtracted from the real and imaginary components of the rigid
scattering pressure results. The resultant real and imaginary components of the radiated
pressure were used to plot the magnitude of the radiated pressure at the various nodes.
In the following plots, the sound radiated (same as sound scattered) from a rigid
structure is also presented for comparison.

5.1 Results
5.1.1 Air
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Figure 5.1: Radiated TS @(1, 0) in Air
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Figure 5.2: Radiated TS @(-1, 0) in Air
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Figure 5.3: Radiated TS @(3, 0) in Air
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Figure 5.4: Radiated TS @(-3, 0) in Air

From Figure 5.1 to Figure 5.4, we can observe, that for the outer acoustic domain of ‘Air’, the
hexagonal honeycomb radiates a lot more than the auxetic honeycomb and the elastic
cylindrical shell in the lower frequency range of 0-1500 Hz and 0-900 Hz respectively. On
comparing the radiation from a rigid body, we see that all the structures radiate less than the
rigid body both in the front-half and back-half locations. Also, resonant peaks are very
prominent when the outer domain is made up of air.
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5.1.2 Water
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Figure 5.5: Radiated TS @(1, 0) in Water
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Figure 5.6: Radiated TS @(-1, 0) in Water
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Figure 5.7: Radiated TS @(3, 0) in Water
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Figure 5.8: Radiated TS @(-3, 0) in Water

For an outer acoustic domain of ‘Water’, from Figure 5.5 to Figure 5.8, we can observe, that the
structures have a larger acoustic radiation target strength than a rigid body in the front-half of
the acoustic domain except at a few larger frequencies (1800-2000 Hz), where the auxetic
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honeycomb radiates less than all other structures, including a rigid surface. In the back-half of
the acoustic domain, the trends reverse and all the elastic structures radiate less than a rigid
body except at a few lower frequencies (0-200/250 Hz) and a few higher frequencies
(1800/1850-2000 Hz). Among the elastic structures, in the front-half of the acoustic domain, the
auxetic honeycomb seems to have the least radiated target strength in the lower frequency
range of 0-800 Hz, followed by the hexagonal honeycomb and then by the elastic cylindrical
shell. In the mid-frequency range of 800-1600 Hz, we see a similar acoustic target strength for all
structures as was the case with the scattering target strength for these structures. In the high
frequency range of 1600 Hz and above, the auxetic honeycomb seems to have the least radiated
target strength among all structures. It is also notable how all the structures behave when
compared with a rigid body radiated target strength, which seems to depend on the location at
which it is measured in the acoustic domain. The results for sound radiation for water in the
outer acoustic domain are very different from the ones for air in the outside domain and we do
not see many prominent resonant peaks in water when compared to the response observed in
air.

5.2 Trends & Observations
Considering the entire range of frequencies, we can conclude that the auxetic
honeycomb performs better than the hexagonal structures, which in turn is better than the
elastic cylindrical shell when acoustic sound radiation target strengths are concerned. Whether
the auxetic honeycomb has a radiation target strength than a rigid body depends on what
location we are observing the target strength at and what is the frequency of excitation.
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It is very evident that the sound radiation performance of structures is very different
when the outer domain is made up of air instead of water. Water, being denser than air, is
heavier for the same volume of fluid. The structure interacting with fluid has to accelerate the
fluid particle upon vibration in order to radiate sound and water being heavier than air, needs
more energy for its fluid particle acceleration. From the results presented above, it is evident
that the acceleration of the surface normal to the surface, and the spatial distribution of that
acceleration, significantly influence the effectiveness of fluid compression and, hence, of sound
radiation.
From the results presented for radiation in air, the hexagonal honeycomb radiates more
sound than the elastic cylinder and auxetic honeycomb until about 800-900 Hz. It radiates less
than the cylindrical shell but more than the auxetic honeycomb until about 1500 Hz and radiates
the least beyond these values. The auxetic honeycomb radiates the least until about 1500 Hz.
For radiation in water, the results for target strength values in the front half and back
half of the acoustic domain are very different. In the front half of the domain, i.e. the half where
the incident wave originates from, we observe that the elastic structures radiate more than the
rigid body. Overall, we observe that the auxetic honeycomb radiates less than the other two
structures, which can be attributed to the larger number of natural frequencies associated with
the auxetic honeycomb than with hexagonal honeycomb or the elastic cylinder.
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Chapter 6 : CONCLUSIONS AND FUTURE WORK
6.1 Conclusions
In this study, acoustic scattering and radiation performance of structures made up of
different core geometries is evaluated and compared. Convergence studies were carried out to
confirm the finite element mesh size and type used and that the distance of outer radius used
for the outer acoustic domain is accurate before going ahead with data extraction and analysis.
The new geometry proposed in Section (2.1) justifies the description of our honeycomb
structures as circular since the ratio

sin 



 0.9995  1 . The outermost edge of our honeycomb

structures can now be considered to be lying along the circumference of a circle and we can
now compare properties of such honeycombs with the classical solutions available for circular
cylinders and come up with a comparative evaluation of their performance, since they can be
considered as geometrically similar structures now.
On comparing the natural frequencies of the honeycombs and the elastic cylindrical
shell in Chapter (3), it is identified that the hexagonal honeycomb is stiffer than the solid elastic
cylindrical shell for a given mode of vibration until the ring frequency of 821.3 Hz is reached.
After this frequency, the hexagonal honeycomb is less stiff than the solid elastic cylindrical shell
for a given vibration mode. The auxetic honeycomb is the least stiff among all the structures for
a given mode of vibration throughout the frequency range of analysis, except at a few low
frequencies. It should however be noted that the auxetic honeycomb has a lot more natural
frequencies in the range of analysis when compared to other structures, and hence we could
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see a lot more resonant peaks in our plots for acoustic scattering and radiation in Figure 4.34
through Figure 5.8.
The acoustic scattering performance study carried out in Section (4.6) was preceded by
convergence studies in Section (4.3) and Section (4.4), and we could confirm that along with the
non-reflecting boundary condition imposed on the outer edge of the acoustic domain, the outer
radius of 3 m is far enough to not influence the results of acoustic parameters on the scattering
edge; and that the mesh size chosen is adequate to capture the acoustic waves accurately. We
also evaluated the effect of presence of an inner acoustic domain or ‘Air’ vs. an in-vacuo
condition in the inside acoustic domain in Section (4.5) and concluded that for our analysis, an
inner domain of air only adds a few more resonant frequencies, pertaining to the natural
frequencies of the enclosed inner domain itself, to the overall acoustic performance at different
locations in the outside domain. On observing the results of acoustic scattering from all the
structures in the outside domain of air and water, we see that whether a structure has lower
scattering target strengths or not depends on the range of frequencies considered and the
properties of the outer acoustic domain. Also, the difference in the acoustic scattering target
strength is more prominent only when the outer domain is having a higher density. Contrary to
the solid elastic cylindrical shell behavior, we see more perturbations for the honeycombs than
the cylindrical shell at the lower frequencies than at the higher frequencies.
The radiation response of all the structures seems to be significantly different than
each other, as seen from the results in Section (5.1) especially when the outer domain is made
up of air. In the presence of ‘air’ in the outer acoustic domain, there is a significant difference in
the radiation from these structures. The hexagonal honeycomb radiates more than the elastic
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cylinder until around 900 Hz and more than the auxetic honeycomb until about 1500 Hz. It
should be noted that for an outer domain of ‘air’, all structures radiate a lot less than a rigid
body within this range of analysis, independent of whether the location being analyzed is in the
front-half or the back-half of the acoustic domain. In the outer acoustic domain of water, the
acoustic radiation target strength of the structures as compared to a rigid body depends on
whether the location being analyzed is in the front-half or the back-half of the acoustic domain.
In the front-half of the acoustic domain, the structures always radiate more than a rigid body
except at a few higher frequencies (~1800 Hz) where the auxetic honeycomb briefly radiates less
than a rigid body. In the back-half of the acoustic domain, except a few lower frequencies (0200/300 Hz) and a few higher frequencies (1800/1850-2000 Hz), the structures have a lower
radiation target strength than a rigid body. The choice of which elastic structure radiates the
least seems to depend upon the frequency being analyzed (low/mid/high frequency range) and
the composition of the outer acoustic domain (air or water) with different structures having
lower target strengths in different ranges of frequency.

6.2 Future Work
1) In our analysis, the basis for comparison was equal mass for the structures. It would be
interesting to see how the structures behave when they have equal strength or equal
stiffness.
2) Scarpa & Tomlinson [48] found improved transmission loss characteristics for modified
auxetic geometries. It should be interesting to observe how our circular structures
behave in terms of acoustic scattering and radiation performance when we add more
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cells in the radial direction and/or choose smaller angles for unit cells which would
result in more number of unit cells in the structure in the circumferential direction.
3) From our analysis, we observed a drastic change in the acoustic performance, especially
radiation, when the fluid inside and outside the structures had different properties.
Although the practical importance of an analysis where there is a larger difference in the
properties of acoustic domain inside and outside the structures is probably redundant, it
should be interesting to see how these structures behave under such circumstances.
4) Finite element analysis are only as accurate as the mesh size chosen, which are in turn
limited by the computational resources at hand. How accurate these results for acoustic
performance of honeycomb structures are, must be confirmed by experiments. There
are a few manufacturers of honeycombs and http://indyhoneycomb.com/ seem to be a
good place to look for manufacturing the in-plane honeycombs we would need.
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APPENDIX
2.1: MATLAB program for iterative study[LT12][VI13] for angles
In this MATLAB program, a suitable angle for the geometries of hexagonal and auxetic
honeycombs is selected based on an iterative process. The angles under consideration have
been illustrated in Figure 2.3 and also in Appendix 2.2. The angle  is incremented in steps of

0.04c starting from 0c . Using the relationships between  ,  and  described in Section 2.1,
the other angles have been calculated.
%% Hexagonal Honeycomb
% To find the acceptable value of gamma
% Acceptance criteria could be diff <= 0.05%
clc
clear all
format long
R4_Hex = 1000;

% Outermost radius, mm

alpha_Hex = (0:0.00001:0.04)';

% radians

alpha_Hex_deg = (180/pi).*alpha_Hex;

% degrees

for i = 1:size(alpha_Hex,1);
theta_Hex_deg(i,1)

=

2*atand(sind(alpha_Hex_deg(i,1)/2)/(cosd(alpha_Hex_deg(i,1)/2)-sind(30(alpha_Hex_deg(i,1)/2)))); % degrees
gamma_Hex_deg(i,1)

=

alpha_Hex_deg(i,1)

+

theta_Hex_deg(i,1);

degrees
gamma_Hex(i,1) = gamma_Hex_deg(i,1)*(pi/180);
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% radians

%

diff_Hex(i,1) = sin(gamma_Hex(i,1))/gamma_Hex(i,1);
end
C_Hex = [alpha_Hex_deg,theta_Hex_deg,gamma_Hex_deg, diff_Hex];

%

Converting radians to degrees
%% Auxetic Honeycomb
% To find the acceptable value of gamma
% Acceptance criteria could be diff <= 0.05%
R4_Aux = 1000;

% Outermost radius, mm

alpha_Aux = (0:0.00001:0.04)';

% radians

alpha_Aux_deg = (180/pi).*alpha_Aux;

% degrees

for i = 1:size(alpha_Aux,1);
theta_Aux_deg(i,1)

=

2*atand(sind(alpha_Aux_deg(i,1)/2)/(cosd(alpha_Aux_deg(i,1)/2)+sind(30+
(alpha_Aux_deg(i,1)/2))));
gamma_Aux_deg(i,1)

=

% degrees
alpha_Aux_deg(i,1)

+

theta_Aux_deg(i,1);

%

degrees
gamma_Aux(i,1) = gamma_Aux_deg(i,1)*(pi/180);

% radians

diff_Aux(i,1) = sin(gamma_Aux(i,1))/gamma_Aux(i,1);
end

C_Aux = [alpha_Aux_deg,theta_Aux_deg,gamma_Aux_deg, diff_Aux];
Converting radians to degrees
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%

2.2: Details of geometric relationships for honeycomb unit cells.

Hexagonal Honeycomb
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Following calculations are for Hexagonal Honeycomb[LT14][VI15]:
The geometric parameters have been illustrated in the figure above.

R4  1m
  1.9897,   1.01 .
 
h4  2 R4 sin  
2
 
L4  R4 cos   , L3 4  L4  h3 cos (30   )
2
 
Also, L3 4  h3 cot   .
2
Hence,
 
 
h3 cot    R4 cos    h3 cos (30   )
2
2
 
R4 cos  
2
 h3 
,
 
cot    cos (30   )
2
h3
R3 
 
2sin  
2
R
h2
h2  h3 3 , R2 
R4
 
2sin  
2
R
h1
h1  h2 2 , R1 
R3
 
2sin  
2
The total length of elements involved in a single unit cell for a Hexagonal Honeycomb is,

TLHex  4h4  6h3  6h2  7h1
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Auxetic Honeycomb

Following calculations[LT16][VI17] are for Auxetic Honeycomb:
The geometric parameters have been illustrated in the figure above.
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R3  1m,

  1.8065,   1.1935
h
 
 
h4  2 R4 sin   , L4  R4 cos   , y '  3 cos(30   )
2
2
2
h3
L3 4  y '  L4 .  L3 4 
 
4 cot  
2
h3
h
 

 3 cos (30   )  R4 cos  
  2
2
4 cot  
2
 
4 R4 cos  
2
 h3 
,

 
cot    2 cos (30   )
2
h3
R3 
 
2sin  
2
 
4 R3 cos  
2
h2 
,
 
cot    2 cos (30   )
2
h2
R2 
 
2sin  
2
R 
h1
h1  h2  2  , R1 
 
 R3 
2sin  
2
The total length of elements involved in a single unit cell for a Hexagonal Honeycomb is,

TLAux  2.5h41  4h31  4h21  3.5h11
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2.3: MATLAB program used for length calculations of a Hexagonal honeycomb unit
cell
%% Hexagonal Honeycomb
% To find the length parameters

clc
clear all
format long
R4_Hex = 1;

% Outermost radius, m

alpha_Hex = 1.01012459281564;

% degrees

theta_Hex = 1.98971860844771;

% degrees

L4_Hex = R4_Hex*cosd(alpha_Hex/2);
h4_Hex = 2*R4_Hex*sind(alpha_Hex/2);
h3_Hex = R4_Hex*cosd(alpha_Hex/2)/(cotd(theta_Hex/2) + cosd(30alpha_Hex));
L3_4_Hex = L4_Hex - h3_Hex*cosd(30-alpha_Hex);
L3_Hex = h3_Hex/(2*cosd(alpha_Hex/2));
R3_Hex = h3_Hex/(2*sind(alpha_Hex/2));
h2_Hex = h3_Hex*(R3_Hex/R4_Hex);
R2_Hex = h2_Hex/(2*sind(alpha_Hex/2));
h1_Hex = h2_Hex*(R2_Hex/R3_Hex);
R1_Hex = h1_Hex/(2*sind(alpha_Hex/2));

C = [R4_Hex,h4_Hex,R3_Hex,h3_Hex,R2_Hex,h2_Hex,R1_Hex,h1_Hex];
Length parameters
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%

disp(' R4(m)

h4(m)

R3(m)

h3(m)

R2(m)

h2(m)

R1(m)

h1(m)

')
z = C'

2.4: MATLAB program used for length calculations of a Auxetic honeycomb unit
cell
%% Auxetic Honeycomb
% To find the length parameters

clc
clear all
format long

R4_Aux = 1;

% Outermost radius, m

alpha_Aux = 1.80653592804749;

% degrees

theta_Aux = 1.19354901819392;

% degrees

h4_Aux = 2*R4_Aux*sind(alpha_Aux/2);
h3_Aux = (4*R4_Aux*sind(alpha_Aux/2))/(1+2*sind(30+alpha_Aux));
L4_Aux = R4_Aux*cosd(alpha_Aux/2);
L3_4_Aux = L4_Aux - (h3_Aux/2)*cosd(30+alpha_Aux);
R3_Aux = (h3_Aux/2)/sind(alpha_Aux/2);
h2_Aux = (4*R3_Aux*sind(alpha_Aux/2))/(1+2*sind(30+alpha_Aux));
R2_Aux = (h2_Aux/2)/sind(alpha_Aux/2);
h1_Aux = h2_Aux*(R2_Aux/R3_Aux);
R1_Aux = (h1_Aux/2)/sind(alpha_Aux/2);
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C = [R4_Aux,h4_Aux,R3_Aux,h3_Aux,R2_Aux,h2_Aux,R1_Aux,h1_Aux];

%

Length parameters
disp(' R4(m)

h4(m)

R3(m)

h3(m)

R2(m)

h2(m)

R1(m)

h1(m)

')
z = C'

2.5: Total length of a Hexagonal and Auxetic honeycomb unit cell.
MATLAB Program :
%% Rectangular profiles for both Hexagonal & Auxetic Honeycombs
% Here we are finding the total length of all elements in a Unit cell
% Length x Thickness = Volume
% Volume x Density = Mass. Density is the same.
% This helps us find Thickness ratio so as to have Mass constant
% for both Honeycombs
% we are considering only 3 rows of Honeycombs
clc
clear all
format short
%% Hexagonal Honeycomb
alpha_Hex = 1.01012459281564;

% degrees

theta_Hex = 1.98971860844771;

% degrees

R4_Hex = 1;

% Initial radius, m
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h4_Hex = 2*R4_Hex*sind(alpha_Hex/2);
h3_Hex = R4_Hex*cosd(alpha_Hex/2)/(cotd(theta_Hex/2)+cosd(30alpha_Hex));
R3_Hex = h3_Hex/(2*sind(alpha_Hex/2));
h2_Hex = h3_Hex*(R3_Hex/R4_Hex);
R2_Hex = h2_Hex/(2*sind(alpha_Hex/2));
h1_Hex = h2_Hex*(R2_Hex/R3_Hex);

TotalLength_Hex = 4*h4_Hex + 6*h3_Hex + 6*h2_Hex + 7*h1_Hex

%% Auxetic Honeycomb
alpha_Aux = 1.80653592804749;
theta_Aux = 1.19354901819392;

R4_Aux = 1;

% degrees
% degrees

% Initial radius, m

h4_Aux = 2*R4_Aux*sind(alpha_Aux/2);
h3_Aux = 4*R4_Aux*sind(alpha_Aux/2)/(1+2*sind(30+alpha_Aux));
R3_Aux = h3_Aux/(2*sind(alpha_Aux/2));
h2_Aux = 4*R3_Aux*sind(alpha_Aux/2)/(1+2*sind(30+alpha_Aux));
R2_Aux = h2_Aux/(2*sind(alpha_Aux/2));
h1_Aux = (h2_Aux/R3_Aux)*R2_Aux;

TotalLength_Aux = 2.5*h4_Aux + 4*h3_Aux + 4*h2_Aux + 3.5*h1_Aux

%% Ratio of Thickness for Mass constant
disp('r = Total Auxetic Length / Total Hexagonal Length')
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r = TotalLength_Aux/TotalLength_Hex;

% r = Thk(Hex)/Thk(Aux)

disp(r)

Results:
TotalLength_Hex =

0.3854

TotalLength_Aux =

0.4604

r = Total Auxetic Length / Total Hexagonal Length =

1.1945

3.1: List of all natural frequencies of all the structures within range.
The highlighted frequencies indicate the natural frequencies for dilatational mode of vibration.

1
2
3
4
5
6
7
8
9
10
11
12
13

Hexagonal
honeycomb
Natural
Frequencies (Hz)

Auxetic
honeycomb
Natural
Frequencies (Hz)

Beam Solid Natural
Frequencies (Hz)

Plane Strain Solid
Natural Frequencies
(Hz)

0
41.3402
95.2735
150.619
204.962
258.046
310.041
361.152
411.541
447.482
461.3245
510.583
559.372

0
20.1617
40.2081
59.07455
77.23405
94.98805
112.502
129.8685
147.1455
164.3695
181.5635
198.746
215.927

0
6.991
19.7714
37.9045
61.2882
89.888
123.686
162.669
206.826
256.143
310.609
370.209
434.93

0
7.969555
22.5386
43.2082
69.8611
102.456
140.9715
185.39
235.696
291.8715
353.901
421.764
495.4405
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14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

607.725
620.138
655.664
703.202
750.343
797.088
843.43
889.364
934.756
934.878
979.962
1024.6
1068.79
1112.5
1155.73
1198.46
1224.87
1240.69
1282.4
1323.58
1364.22
1404.33
1443.88
1444.85
1465.75
1482.89
1521.36
1559.28
1580.17
1594.81
1596.66
1633.51
1669.83
1692.01
1705.64
1740.94
1754.08
1775.74
1793.67

233.116
250.32
267.5425
284.7875
302.057
319.353
336.6755
354.0255
371.4035
388.808
406.239
423.6945
424.387
441.1735
458.6735
476.192
493.7265
511.273
528.829
546.3885
556.6415
563.63
563.9465
581.497
599.0335
616.547
634.0285
651.4675
668.85
686.1615
703.3845
720.499
722.3875
737.48
754.299
770.921
787.3065
795.495
803.406
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504.754
579.665
659.645
744.675
821.302
834.734
929.801
1029.85
1134.87
1161.49
1244.82
1359.69
1479.44
1604.05
1733.5
1836.48
1867.75
1989.69

574.9085
660.1435
751.1215
847.8155
874.849
950.1975
1058.235
1171.9
1237.17
1291.16
1415.985
1546.33
1682.165
1823.455
1956.07
1970.15

53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91

1810.04
1818.93
1834.985
1843.86
1845.15
1851.65
1856.03
1859.43
1862.68
1866.45
1870.51
1871.22
1877.2
1877.4
1885.28
1895.09
1907
1910.05
1921.11
1937.47
1942.4
1956.105
1974.24
1976.99

815.919
819.161
834.501
849.3415
863.5795
875.3655
877.094
889.738
901.343
911.714
920.638
924.1085
927.8925
933.2625
936.5675
937.684
970.445
1017.135
1064.96
1113.92
1163.74
1183.1
1214.035
1264.43
1275.14
1276.22
1279.43
1284.64
1291.67
1300.29
1310.28
1314.56
1321.41
1333.49
1346.33
1351.39
1359.78
1364.105
1373.7
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92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130

1387.97
1402.5
1412.8
1417.185
1431.96
1434.245
1446.745
1457.95
1460.41
1461.485
1476.11
1490.575
1504.82
1506.71
1518.795
1528.83
1532.445
1545.725
1551.48
1558.585
1566.25
1570.965
1582.825
1585.94
1594.11
1594.285
1598.965
1604.765
1609.015
1614.74
1617.56
1623.98
1625.24
1632.32
1632.445
1633.445
1638.945
1640.035
1645.085
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131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159

1646.75
1650.735
1652.51
1655.84
1657.25
1658.595
1660.345
1660.885
1663.205
1663.65
1664.225
1667.5
1670.455
1674.65
1690.375
1723.685
1736
1753.785
1759.955
1763.215
1795.615
1830.125
1837.71
1863.345
1895.265
1925.915
1955.345
1982.605
1983.595
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4.1: Near and Far nodes and incident wave direction

Outer acoustic domain
Front Near
node (1, 0)

RO

Back Far
node (-3, 0)

Front Far
node (3, 0)
Inner
Acoustic
domain

Wave direction

Back Near
node (-1, 0)
Structural domain

4.3 Outer radius convergence study MATLAB code
%% Scattering results for an outer radius of 3m and 5m for beam model
% Target strength at FRONT and BACK; Near and Far nodes for Beam
element model
% Outer Acoustic domain : AIR
% Frequencies (1-2000 Hz)
clc
clear all
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format long

%% Front Nearest node Target strength plot

e = load('Aco3_Air_Beam_Front_NearestNode_POR.txt');
ee = load('Aco5_Air_Beam_Front_NearestNode_POR.txt');
Pref = 2*10^-5;

% N/m^2, Reference acoustic pressure in air.

for i = 1:size(e,1)
Aco3_Air_Beam_Po_Front_Nearest_sq(i,1) = e(i,2)^2;

% Output POR

magnitude squared
Aco3_Air_Beam_TS_Front_Nearest(i,1) =
10*log10(Aco3_Air_Beam_Po_Front_Nearest_sq(i,1)/Pref^2);

% TS =

10log10(Po^2/Pref^2)
end

for i = 1:size(ee,1)
Aco5_Air_Beam_Po_Front_Nearest_sq(i,1) = ee(i,2)^2;

% Output POR

magnitude squared
Aco5_Air_Beam_TS_Front_Nearest(i,1) =
10*log10(Aco5_Air_Beam_Po_Front_Nearest_sq(i,1)/Pref^2);

% TS =

10log10(Po^2/Pref^2)
end

E =
[e,Aco3_Air_Beam_Po_Front_Nearest_sq,Aco3_Air_Beam_TS_Front_Nearest];
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EE =
[ee,Aco5_Air_Beam_Po_Front_Nearest_sq,Aco5_Air_Beam_TS_Front_Nearest];

figure(1)
plot(e(:,1),Aco3_Air_Beam_TS_Front_Nearest,'b','Linewidth',2)
hold on
plot(ee(:,1),Aco5_Air_Beam_TS_Front_Nearest,'b--','Linewidth',2)
% legend('Target Strength@ Front Nearest node for Aco radius
3m)','Target Strength@ Front Nearest node for Aco radius 5m)',4)
legend('Ro = 3m','Ro = 5m',4)
grid minor
xlabel('Frequency (Hz)')
ylabel('Target strength, dB')
% title('Target Strength in Air @Front Nearest Node (1,0) for Acoustic
radii 3m and 5m')

%% Front Farthest node Target strength plot
f = load('Aco3_Air_Beam_Front_FarthestNode_POR.txt');
ff = load('Aco5_Air_Beam_Front_FarthestNode_POR.txt');
Pref = 2*10^-5;

% N/m^2, Reference acoustic pressure in air.

for i = 1:size(f,1)
Aco3_Air_Beam_Po_Front_Farthest_sq(i,1) = f(i,2)^2;
magnitude squared
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% Output POR

Aco3_Air_Beam_TS_Front_Farthest(i,1) =
10*log10(Aco3_Air_Beam_Po_Front_Farthest_sq(i,1)/Pref^2);

% TS =

10log10(Po^2/Pref^2)
end

for i = 1:size(ff,1)
Aco5_Air_Beam_Po_Front_Farthest_sq(i,1) = ff(i,2)^2;

% Output POR

magnitude squared
Aco5_Air_Beam_TS_Front_Farthest(i,1) =
10*log10(Aco5_Air_Beam_Po_Front_Farthest_sq(i,1)/Pref^2);

% TS =

10log10(Po^2/Pref^2)
end

F =
[f,Aco3_Air_Beam_Po_Front_Farthest_sq,Aco3_Air_Beam_TS_Front_Farthest];
FF =
[ff,Aco5_Air_Beam_Po_Front_Farthest_sq,Aco5_Air_Beam_TS_Front_Farthest]
;

figure(2)
plot(f(:,1),Aco3_Air_Beam_TS_Front_Farthest,'m','Linewidth',2)
hold on
plot(ff(:,1),Aco5_Air_Beam_TS_Front_Farthest,'m--','Linewidth',2)
% legend('Target Strength@ Front Farthest node for Aco radius
3m)','Target Strength@ Front Farthest node for Aco radius 5m)',4)
legend('Ro = 3m','Ro = 5m',4)
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grid minor
xlabel('Frequency (Hz)')
ylabel('Target strength, dB')
% title('Target Strength in Air @Front Farthest Node (3,0) & (5,0) for
Acoustic radii 3m and 5m')

%% Back Nearest node Target strength plot
g = load('Aco3_Air_Beam_Back_NearestNode_POR.txt');
gg = load('Aco5_Air_Beam_Back_NearestNode_POR.txt');
Pref = 2*10^-5;

% N/m^2, Reference acoustic pressure in air.

for i = 1:size(g,1)
Aco3_Air_Beam_Po_Back_Nearest_sq(i,1) = g(i,2)^2;

% Output POR

magnitude squared
Aco3_Air_Beam_TS_Back_Nearest(i,1) =
10*log10(Aco3_Air_Beam_Po_Back_Nearest_sq(i,1)/Pref^2);

% TS =

10log10(Po^2/Pref^2)
end

for i = 1:size(gg,1)
Aco5_Air_Beam_Po_Back_Nearest_sq(i,1) = gg(i,2)^2;

% Output POR

magnitude squared
Aco5_Air_Beam_TS_Back_Nearest(i,1) =
10*log10(Aco5_Air_Beam_Po_Back_Nearest_sq(i,1)/Pref^2);
10log10(Po^2/Pref^2)
end
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% TS =

G = [g,Aco3_Air_Beam_Po_Back_Nearest_sq,Aco3_Air_Beam_TS_Back_Nearest];
GG =
[gg,Aco5_Air_Beam_Po_Back_Nearest_sq,Aco5_Air_Beam_TS_Back_Nearest];

figure(3)
plot(g(:,1),Aco3_Air_Beam_TS_Back_Nearest,'r','Linewidth',2)
hold on
plot(gg(:,1),Aco5_Air_Beam_TS_Back_Nearest,'r--','Linewidth',2)
% legend('Target Strength@ Back Nearest node for Aco radius
3m)','Target Strength@ Back Nearest node for Aco radius 5m)',4)
legend('Ro = 3m','Ro = 5m',4)
grid minor
xlabel('Frequency (Hz)')
ylabel('Target strength, dB')
% title('Target Strength in Air @Back Nearest Node (-1,0) for Acoustic
radii 3m and 5m')
%% Back Farthest node Target strength plot

h = load('Aco3_Air_Beam_Back_FarthestNode_POR.txt');
hh = load('Aco5_Air_Beam_Back_FarthestNode_POR.txt');
Pref = 2*10^-5;

% N/m^2, Reference acoustic pressure in air.

for i = 1:size(h,1)
Aco3_Air_Beam_Po_Back_Farthest_sq(i,1) = h(i,2)^2;
magnitude squared
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% Output POR

Aco3_Air_Beam_TS_Back_Farthest(i,1) =
10*log10(Aco3_Air_Beam_Po_Back_Farthest_sq(i,1)/Pref^2);

% TS =

10log10(Po^2/Pref^2)
end
for i = 1:size(hh,1)
Aco5_Air_Beam_Po_Back_Farthest_sq(i,1) = hh(i,2)^2;

% Output POR

magnitude squared
Aco5_Air_Beam_TS_Back_Farthest(i,1) =
10*log10(Aco5_Air_Beam_Po_Back_Farthest_sq(i,1)/Pref^2);

% TS =

10log10(Po^2/Pref^2)
end
H =
[h,Aco3_Air_Beam_Po_Back_Farthest_sq,Aco3_Air_Beam_TS_Back_Farthest];
HH =
[hh,Aco5_Air_Beam_Po_Back_Farthest_sq,Aco5_Air_Beam_TS_Back_Farthest];
figure(4)
plot(h(:,1),Aco3_Air_Beam_TS_Back_Farthest,'g','Linewidth',2)
hold on
plot(hh(:,1),Aco5_Air_Beam_TS_Back_Farthest,'g--','Linewidth',2)
% legend('Target Strength@ Back Farthest node for Aco radius
3m)','Target Strength@ Back Farthest node for Aco radius 5m)',4)
legend('Ro = 3m','Ro = 5m',4)
grid minor
xlabel('Frequency (Hz)')
ylabel('Target strength, dB')
% title('Target Strength in Air @Back Farthest Node (-3,0) & (-5,0) for
Acoustic radii 3m and 5m')
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